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ABSTRACT
ANISOTROPY IN REFLECTED SOLAR RADIATION

The objective of this study was to observe in some
detail the nature of the reflection process for several
specific surfaces and show in the case of clouds that the
reflection of solar radiation is accomplished by several
processes which interact with one another to produce the
observed directional reflectance distributions. The first
portion of this study utilized an aircraft-mounted satellite
radiometer to observe the reflected radiances over stratus
clouds, white sand, snow, a dry desert lake bed, a grassland-
sod surface, a swampy-dense vegetation surface, and water.
The second portion of this study involved the utilization
of existing scattering theory to numerically examine the
influence: of droplet size distribution and droplet con-
centrations on single scattering results representative
of that occurring in the clouds over which the observa-
tions of reflected solar radiation were taken. This por-
tion of the study also compared theorética1 results involv-
ing multiple scattering with the results actually observed
over stratus clouds.

Anisotropy in the reflected solar radiation was
observed in varying degrees for all the surfaces studied.
The anisotropy for all surfaces increased with increasing
solar zenith angle. At large solar zenith angles forward

scattering or reflection was the predominant feature over



stratus clouds and snow. Reflection back toward the sun
was the major feature describing the anisotropy observed
over soil and vegetative surfaces. The scattering from
stratus clouds was observed to be a function of the thick-
ness of the clouds and the reflectivity of the s ~face
beneath the clouds.

The computed single scattering results were found
to be most sensitive at scattering angles near 0 and 100
degrees to changes in the droplet size distribution and
associated droplet concentration in a cloudy volume. It
was found that multiple scattering smooths the anisotropy
and other effects suggested by single scattering results.
Remarkably good agreement was evident in comparisons of
the anisotropy predicted by some theoretical results
including multiple scattering and that actually observed

over stratus clouds.
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ANISOTROPY IN REFLECTED SOLAR RADIATION

INTRODUCTION

One of the most significant, but still not fully
explained, occurrences that takes place in the earth-
atmosphere system is the redistribution and transforma-
tion of the incoming energy from the sun. A major por-
tion of the solar energy which impinges upon this system
is reflected by terrestrial surfaces and eventually does
not contribute to the various weather phenomena that are
of importance to all aspects of life on earth. It was
the objective of this study to observe in some detail the
nature of the reflection process for several specific
surfaces and show in the case of clouds that the reflec-
tion of solar radiation is accomplished by several pro-
cesses which interact with one another to produce the
observed directional reflectance distributions.

The first portion of this study consists of describing
and interpreting reflectance observations made with an
aircraft-mounted satellite radiometer over seven different
types of surfaces. These observations serve to show that
appreciable anisotropy in the reflected radiation does
exist and that the maagnitude of the reflectances varies
in isolated portions of the solar spectrum depending upon
the surface being observed and its spectral reflectivity.
The implications of these observations will be related to
the problem of determining the planetary albedo from meteor-

ological satellite radiometers with a lTimited field of view.



The second portion of this study investigates the
processes which produce the observed anisotropy in
reflected solar radiation observed over clouds. This
choice was made, first of all, because of the wide dis-
tribution of clouds throuahout the earth's atmosphere and
their important contribution to the planetary albedo.
Secondly, the possibility of mathematically modeling a
cloud, particularly a stratus cloud, and its reflection
properties is much greater than for the majority of the
other reflecting surfaces considered here. Furthermore,
an appreciation of the processes involved in the transfer
of radiant energy in a cloud is of great use to the atmos-
pheric scientist insofar as the applicability of this know-
ledge to other radiative transfer situations that take place
in the atmosphere is concerned.

This second portion consists of two sub-parts. The
first sub-part will review the necessary and important por-
tions of radiative transfer and electromagnetic theory that
are the basis for numerical computations designed to dupli-
cate observed scattering and absorption processes taking
place in a cloudy atmosphere. In particular, the basic
equation of radiative transfer, the equations for describ-
ing the diffraction of an electromagnetic wave by a sphere,
and the scattering of electromagnetic energy by poly-
dispersed particulate volumes is described and developed
in some detail. The second sub-part describes and jllus-

trates the results of numerical computations involving



sinole and multiple scattering. These results show the
effects of varying droplet size distribution, droplet
concentration, and optical depth on ref]ectancés observed
at various individual wavelenqgths and over a portion of
the solar spectrum including several wavelengths. In
particular, it is shown thal the observed results do
aaree, in aeneral, wilh published computations including
multiple scatterina.

In addition to the above, conclusions are drawn and
brief recommendations made as to the feasibility and
practicality of inferring the characteristics of a cloudy
volume from the character of the scattered light. Recom-
mendations are made as to further computations and obser-
vations that could and should be made to further verify
and substantiate the results and conclusions drawn in

this study.



Chapter 1
MEASUREMENTS OF ANISOTROPY IN REFLECTED SOLAR RADIATION

1.1. Introduction

The weather satellite has provided meteorologists with
the means whereby large portions of the earth's surface and
atmosphere can be observed in a relatively short time. As
satellite technology has developed, it has become increas-
ingly evident that by using a satellite equipped with suit-
able radiometers, one can measure the various components of
the radiative energy balance. This means that the satellite
is capable of providing valuable data enabling one to deter-
mine the amount of energy available for driving atmospheric
processes on time and distance scales corresponding to the
meso and macro scales of motion.

One of the difficulties which has hampered progress
in this realm of study is that the radiation reflected
from most surfaces is not isotropic. Since the majority
of satellite radiometers have a lTimited field of view,
they cannot measure the total enerqgy reflected from a
surface in all directions at any particular moment. In
order to determine the amount of energy reflected in all
directions, it is necessary to either measure the energy
reflected in all directions, or to make one measurement
and combine it with a prior knowledge of the directional
character of the reflected energy. Since present meteoro-
logical satellite systems are not capable of measuring

reflected energy in all directions simultaneously, the



need for an improved knowledge of surface reflection
characteristics was what originally prompted the research
reported here (Study Conference on the Global Atmospheric
Research Programme, 1967, pp 46-47, 65).

Bandeen, et al. (1965) used satellite measurements
to estimate the albedo of the earth. In that study it
was necessary to assume that the reflection from all
surfaces was isotropic and independent of wavelength.
When these assumptions were used, the resulting values
of annual planetary albedo did not balance the correspond-
ing reliable values of emitted thermal radiation and incom-
ing solar radiation. Eventually it was necessary to apply
a simple correction factor in order to achieve this balance.
Viezee and Davis (1965) have also reported on difficulties
encountered in using satellite measurements to obtain the
albedo of cloudy regions. More recently Ruff et. al. (1968)
have reported on a statistical analysis of TIROS IV obser-
vations that enabled them to derive reflection patterns
representative of the average results from a large number
of cloud observations and cloud types. A1l of the studies
mentioned above have served to emphasize that the reflection
from most surfaces is neither isotropic nor independent of
wavelength. Furthermore, each indicated that the deter-
mination of the total reflected solar energy from a surface
or surfaces is a very difficult task when using satellite

measurements.



Coulson (1966), Coulson, et al. (1965), Hapke and
Van Horn (1963), and Chen, et al. (1967) have reported
on measurements made in the laboratory of anisotropically
reflected radiation from soils, sands, and vegetation.
Kozlov and Federova (1962) and Bartman (1967), using air-
planes and balloons respectively, have measured aniso-
tropy in solar energy reflected from cloud and snow fields.
Griggs and Marggraf (1967) report on measurements of the
directional reflectance characteristics of clouds, water,
and snow as observed with a polarimeter mounted on an
aircraft.

This chapter presents measurements made from an
airplane with a radiometer originally designed for a
meteorological satellite. Because of the radiometer
construction and the lateral and vertical mobility of
the airplane, the resulting reflectance measurements made
under natural conditions cover a greater range of direc-
tions over a reflecting surface than is possible with
many other instruments and means of conveyance. Results
are presented and discussed for seven different surfaces:
stratus clouds, snow, white gypsum sand, a dry desert lake
bed, a grassland-sod surface, dense vegetation, and water.
These surfaces have widely varying characteristics and are,
as a result, representative of many of the terrestrial
surfaces reflecting solar radiation. It was also possible
to find homogeneous and uniform areas of each surface that

were large enough for measurements to be made from an



airplane. It will be seen that the reflectivity is
achieved in a different manner for each surface and to
a varying degree in different regions of the solar

spectrum.

1.2 Instrumentation

The p]dtform used for these measurements was a Piper
Twin Comanche. This airplane commonly cruises at approxi-
mately 80 meters per second and is capable of flying at
altitudes up to 9000 meters.

The radiometer used for these measurements was the
NIMBUS F-3 medium resolution radiometer (MRIR). OF the
five channels available on the radiometer, only results
from two of the channels will be discussed here. These
two channels measure energy in the 0.2 - 4.0u and
0.55 - 0.85u portjons of the solar spectrum. The
0.2 - 4.0u channel will be referred to as the broad
bandpass and the 0.55 - 0.85uy channel as the narrow
bandpass. The radiometer uses a rotating aluminum mirror
to scan across surfaces within the view area. The instan-
taneous field of view is 50 milliradians in cross-section.
Energy striking the surface of the mirror is reflected into

the chopper and detector systems. The manner in which the

1Any information provided in this dissertation pertaining
to the manufacture of instruments is for the reader's
information only and does not constitute endorsement by
the author or his institution.



radiometer was mounted on the airplane and its direction
of scan are shown in Fig. 1.2.1. A closer view of the
radiometer is seen in Fig. 1.2.2. The time constant of
the radiometer is 0.02 seconds.

The radiometer was built and calibrated by the Santa
Barbara Research Center, Goleta, California. Several
calibration curves (reflectance versus voltage) were
obtained for the periods corresponding to the measure-
ments discussed here. The method of calibration has been
discussed by Bartman (1966, 1967). The measurement errors
associated with a current calibration were +2%. This
excludes the errors associated with the calibration of
the albedo source used in the calibration of the MRIR.

For this study, the signals produced by the radio-
meter were recorded on high speed strip chart recorders.
The error in the recorded signal was 0.2% of a full scale
reading. The response time of the recorder was 0.2
seconds.

In order to measure the incoming solar energy, a
Sol-a-meter (silicon solar cell) was mounted on the top
of the Piper Twin Comanche over its center of gravity.
The characteristics of the Sol-a-meter are described by
Selcuk and Yellott (1962) and by Dirmhirn (1967). The
Sol-a-meter was calibrated against an Eppley pyrhelio-
meter before it was mounted on the aircraft and again

after it was removed. The Sol-a-meter calibration was
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ROTATION OF THE RADIOMETER MIRROR
AS MOUNTED ON PIPER TWIN COMANCHE

B ol /’ fUSEfAGé: x f’f’f’“"’f; -2 T -SCAN MIRROR.
= T T e o=
i |' i 5 2\' /
il 7
=
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Fig. 1.2.1. A sketch showing how the Nimbus MRIR
was mounted on the Piper Twin Comanche.
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Fig. 1.2.2 Nimbus F-3 medium resolution radiometer
(MRIR).
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the Nimbus F-3 MRIR responding to solar radiation.
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also checked while it was on the airplane using a
specially constructed aircraft test stand. The cali-
bration was not observed to drift during the measure-
ment period reported here. The estimated error
associated with this instrument while mounted on

the airplane was *5%. The spectral response curves

for the Sol-a-meter and the two MRIR channels are shown

in Fig. 1.2.3.

1.3. Assumptions and Definitions

The radiation geometry employed in this analysis is
shown in Fig. 1.3.1 along with the descriptive names applied
to the various angular measurements used. The principal
plane is described by AZBOA. The scattering plane is des-
cribed by BOCB.

In analyzing the measurements it was assumed that the
surface being viewed by the radiometer was uniform in topo-
graphy and composition. It was further assumed that the
scattering or reflection was symmetrical with respect to
the principal plane. The actual observations showed that
these assumptions were best satisfied in the cases of the
dry desert lake bed and white gypsum sand. These assump-
tions were least approximated by the results describing
reflection from a snow surface.

The calibration curves of the radiometer were based
on the definition that the reflectance is the ratio of the

radiance observed by the radiometer and the radiance the
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radiometer would observe if its field of view were
completely filled by an ideally diffuse reflector of
unit reflectivity illuminated by the solar constant
at normal incidence. This relationship can be

expressed as

r' o= Nlg_,0_38,0)/N

©

® -1
J Nxéxdk/(n j Sox¢xd*) . 1.3(1)

¢} o

SoA is the solar spectral irradiance impinging upon the

earth at the mean distance between the sun and the earth.
2, is the spectral response of the instrument. NA is best

expressed as being eauivalent to

Nyo=r' (g ,0.58,0)S, 1.3(2)

where Sk is the component of S0 normal to, and actually

A
impinging upon the reflecting surface. One can further
define another reflectance that applies for any solar

zenith angle ¢, as

r = r'/cos;o. 1.3(3)
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It is also useful for checking and comparison pur-
poses to define an integrated directional reflectance
ry that is equivalent to the albedo measured by a 24
pyranometer. This integrated directional reflectance

has the mathematical form:

2m (/2
j { Ncose sine ded¢

217 TT/Z
J J NocoscO cose sine ded¢
Q

Since No is an isotropic radiance, the expression above

may be rewritten as

ry = (wcos;o)'lj“r/2 (r') cose sine dods.

o] (o]

1.3(5)
The bar on the reflectance r is used to indicate that it
is an average of readings taken by the radiometer at

various combinations of o and y.

1.4. Field Measurements and Analysis

Different values of radiometer zenith angle o were
obtained through the rotation of the scanning mirror of
the radiometer. Only radiometer zenith angles less than

of equal to 75° are presented so as to eliminate readings
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from outside the target boundary. Different values of
relative azimuth ¥ were obtained by changing the heading
of the aircraft at predetermined increments relative to
the azimuth of the sun. For the first few flights the
relative azimuth was varied in 30° increments, thus
requiring a total flight time of forty to fifty minutes.
In later flights, the relative azimuth was varied by 45°
increments. This Tatter procedure shortened the flight
time to Tess than thirty minutes and also reduced the
variation of the solar zenith angle during each flight.

For each value of relative azimuth, the airplane was
flown at a prescribed heading until the radiometer had
completed ten scans. Occasionally, it was necessary to
1imit the number of scans to less than ten due to the
limited areal extent of the surface.

Two factors were considered in choosing the flight
altitude over a surface. On one hand, it was important
that the reflecting surface fill the field of view for
95750. On the other hand, it was desired that the radio-
meter field of view integrate over as much of the surface
as possible. Over surfaces with Timited areal extent the
second factor was compromised in favor of the first.
Flight altitudes of the aircraft above the surfaces varied
from 120 meters over a snow surface to 1200 meters over
stratus clouds. This means that when e=0°, the jnstanta-
neous field of vieQ ranged roughly in diameter from 6 to

60 meters.
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Once the signal from the radiometer was recorded
on an analog strip chart, it was then necéssary to obtain
reflectance values r' corresponding to predetermined
increments of 6. Through the use of an overlay grid,
the appropriate values of reflectance were obtained from
the analog voltage trace on a strip chart for every fifteen
degrees of radiometer mirror rotation (radiometer zenith
angle). The position of the mirror was determined from
a pulse generated on the analog trace by a small Tight
installed in the radiometer housing at 6=180°. The
recorded voltages were converted by computer to reflec-
tance and the average, maximum, minimum, and standard devia-
tion values determined for each pass of the airplane over
the reflecting surface.  The rénge in average values at
particular values of 6 and y for successive passes over
the same area gives an indication of the relative uniformity
of the results that have been obtained. Representative
values of this parameter will be given for each flight
discussed.

An analysis of errors involved revealed that the total
error in r' is *3%. This figure includes the error aséo-
ciated with the recorders (0.2%), radiometer (2%), obtaining
reflectance values from the recorder trace (0.3%), and
reading the calibration curves (0.5%). Where large varia-
tions in the reflectance occurred rapidly, particularly

for 6>60°, the error is somewhat larger due to the difficulty
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in determining the exact value of reflectance corre-
snondina to a particular value of .

The error in r is stronaglv denendent on the error
in the determination of the solar zenith anale. For an
error of 1% in any individual estimate of G the error
ranaes from 3% at go=0° to +23% at go=800. Durinc a
flight the solar zenith ancle varied from 1-100 dependina
on the time reauired to complete the flight and the time
of dav. The reflectances were computed using the solar
zenith anale aoprooriate for each senarate pass of the
airplane over the reflecting surface. The time reauired
for each pass was anproximately 1.5 minutes.

To obtain a value of integrated directional reflec-
tance (ry) for each flight over a particular surface, it was
necessary to use a finite differencing nrocedure that
would utilize reflectance measurements taken at fifteen
degree increments in o and thirty or forty-five degree
increments in y over the 27 steradians above each surface.
As an example, the finite differenéinq procedure used
for 45° increments in v will be given. Eg. 1.3(5) was
broken into three integrations and then into summations
in order to arrive at the final value of intearated
directional reflectance. In the eocuations below

e=0°, e=15°, e 6=90°,
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2T ﬂ/?h -
= (ncosco)'l {J [ (r7) cose sine dody
[o] [e]

)

27 {11n/2u

+ (r") cose sino dedy
0 )ﬂ/ZH
2m m /2
+ j J (r¥T) cose sine dedy }
o “117/24
-1 - . 1T/2’+ 4( )
= (wcosz )7 ¢ (r'} _  {nsinzo) 1.4(1

0

8 6 o

+ iZ1 jzz (r%j) (cosej) (sinej) (r/78) (w/12)
8 —_—

+ 'Z] (ri;) cos(23n/48) sin(23n/48) (n/4) (n/24)}.
i=

1.5. Results of Field Measurements

Table 1.5.1 lists the flights made over various reflect-
ing surfaces. Four flights made over a water surface are
not listed here because of special difficulties with the
measurements. These difficulties will be discussed in
the next section. All flights were made under as clear

a sky condition as possible. On a few occasions some
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TABLE 1.5.1. A SUMMARY OF FLIGHTS AND ASSOCIATED CON-
DITIONS MADE OVER DIFFERENT REFLECTING SURFACES.

S
L)
-
-
£

—_ - u
. 3 X w
] - e wE e
- o Lol <L > U e
[ <. w v <o bad
L= 9 - = e &< =
el pr w =t w 53 v 55
S Z b e z SR -3 =5
u % =Y ~ o — et e [
1 STRATUS 11 JUNE 1965 SAN FRANCISCO, CAL. 0646-0734 850 305 335
37"q9'N., 122035'W.
2 STRATUS 11 JUNE 1965 SAN FRANCISCO, CAL. 1146-1226 790 305 150
37"49'N., 1227350,
3 STRATUS 17 JULY 1965 SAN FRANCISCO, CAL. 0754-0840 820 304 350
37"a9'N., 122735\,
4 STRATUS 17 JULY 1965 g FRANCISCO, CAL. 1137-1225 760 305 240
49°N., 122%35'w
5 STRATUS 14 DEC. 1966 BAKERSFIELD, CAL. 1127-1148 1850 610 850
35920°N., 11995"W.
6 STRATUS 14 DEC. 1966 BAKERSFIELD, CAL. 1352-1415 1850 610 850
35°20'N., 119%5"w,
7 STRATUS 15 DEC. 1966 BA gERSFIELo gAL. 0818-0839 2150 1200 600
35%20"n., 119 .
8 STRATUS 16 DEC. 1966 LOGAN, UTAH 1031-1114 2000 305 150
41040'N,, 111053'W,
9 SNOW 10 DEC. 1966 LARAMIE, WYO. 0750-0818 2600 120 ---
41°00'N., 105%45'W,
10 SNOW 10 DEC. 1966 LARAMIE, WYO. 1040-1112 2600 120 .
41900'N., 105%45'W.
1 SNOW 16 DEC. 1966 LOGAN, UTAH 10311114 2000 610 ——-
41020°N., 111953 W,
12 WHITE 15 AUG. 1965 ALAMAGORDO, N.M. 1120-1153 1500 305 -
SAND 33°33'N., 106°20'W.
13 WHITE 29 0CT. 1966 ALAMAGORDO, N.M. 0706-0749 1550 305 .
SAND 33933'N., 106°20'W.
14 WHITE 29 0CT. 1966 ALAMAGORDO, N.M, 0917-0946 1550 305 .-
SAND 33933°N., 106020 .
15 WHITE 29 NCT. 1966 ALAMAGORDO, N.M. 1155-1231 1550 305 ---
SAND 33933°N., 106020,
16 WHITE 30 0CT. 1966 ALAMAGORDO, N.M. 0913-0939 1550 305 ---
SAND 33033'N., 106°20'W.
17 DESERT 15 DEC. 1966 BRISTOL LAKE, CAL. 12341257 640 460 .
LAKE BED 34927°N., 115080'W.
18 DESERT 15 DEC. 1966 BRISTOL LAKE, CAL. 1445-1504 640 460 ——-
LAKE BED 34027'N., 115%40°W.
19 GRASSLAND 4 NOV. 1965 BRIGGSDALE, COLO. 1215-1241 3960 2320 a--
40°41°N., 104%22°w.
20 GRASSLAND 4 NOV. 1965 BRIGGSDALE, COLO. 1253-1316 3050 1400 —--
40%41°'N., 104%227w.
21 GRASSLAND 4 NOV, 1965 BRIGGSDALE, COLO, 1337-1354 1680 30 -
40041, 1040221,
22 GRASSLAND 25 NOV. 1966 BRIGGSDALE, COLO. 0845-0911 3050 1370 .-
40941'N., 104022'W,
23 GRASSLAND 25 0CT. 1966 BRIGGSDALE, COLO, 0434-0957 2290 610 —e-
40741°'N,, 104022'W,
24 GRASSLAND 25 0CT. 1966 BRIGGSDALE, COLO, 1606-1630 3050 1370 ---
40041°'N,, 104022'y,
25 VEGETATION 6 JAN. 1967 TALLAHASSEE, FLA, 1039-1109 350 350 .
~SWAMP 29055'N,, 84952y,
26 VEGETATION 6 JAN. 1967 TALLAHASSEE, FLA. 1555-1677 350 350 .-

-SWAMP 29955'N., 84052 W,
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thin cirrus was present, but only on flights 6 and 16
was a thin veil of cirrus observed that obscured the sun.
Columns 5-7 of Table 1.5.1 give the altitude (above
mean sea level) of the aircraft, the height of the air-
craft above the reflectinog surface, and the thickness
of the cloud layer. For all the surfaces except stratus
clouds the height of the reflecting surface was deter-
mined from topoqgraphic maps. The altitude of the cloud
tops was usually determined by the aircraft altimeter.
The thickness of the clouds was commonly determined by
knowing the height of the top of the clouds and the
height of the bases as reported by nearby weather sta-
tions. 'In the case of stratus clouds over water (11 June
and 17 July 1965), one penetration of the cloud layer was
made by the aircraft during each flight and the height of
the top and bottom of the layer determined from the air-
craft altimeter. This was not done for stratus clouds
over land due to the low altitudes involved.
The first four flights over stratus‘c1ouds were
made directly west of San Francisco from 10-30 miles
offshore. Three flights were made southwest of
Bakersfield, California, over stratus clouds lying
in the San Joaquin Valley. The estimated thickness
of the stratus clouds is given in Column 8 of
Table 1.5.1. The variation in flight altitude above
the reflecting surface shown in Column 7 for flights

5 and 6 versus 7 was due to a change in the topography
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of the surface of the clouds during the intervening time
period. In the intervening time the clouds were under

the influence of moderate winds for several hours. This
windy condition served to dissipate some of the cloud
layer and roughened the surface into a "frothy, whipped
cream" appearance. The flight altitude was subsequently
raised to allow the radiometer to integrate over as much
of the surface as possible and reduce the effect that the
roughened cloud surface would have on the recorded reflec-
tance measurements.

Flights 8 and 11 were made in the Cache Valley in
northern Utah. They were made under identical atmospheric
conditions over locations separated by only a few miles.
The northern end of the valley and the town of Logan, Utah,
were covered by a Tayer of stratus clouds approximately
150 meters thick underlain by snow that had been deposited
two days before. These flights provided an unusual oppor-
tunity for comparative measurements of snow and clouds.
The flights near Laramie, Wyoming, were made over snow
deposited one day prior to the observations. The homo-
geneous area of snow was somewhat small; therefore, a low
flight altitude of 120 meters above the surface was chosen.

A11 the flights over white sand were made over the
area included in the White Sands Missile Range west of
Alamogordo, New Mexico. The majority of flights were
made on the west side of the area covered by the white

sand. This location was selected because of a more
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uniform terrain in this section of the range. The dunes
to the south and east of this area were approximately 7
to 10 meters high and oriented northwest-southeast ner-
pendicular to the prevailing winds from the southwest.

Bristol Dry Lake is Tocated northeast of Twenty-nine
Palms, Ca]ifornié, approximately 20-25 miles. The Tlake
bed is approximately ten miles long and five miles wide
oriented northwest-southeast. A salt-mining operation is
located on the northern half of the lake. The measurements
reported here were taken on the southern end of this Take
bed. The height of the airplane above the surface was
selected as 460 meters because at this height turbulence
which affected the aircraft was not so objectionable as
at Tower altitudes and the altitude criteria mentioned
earlier could still be satisfied.

The arassland-sod surface was located on the Pawnee
National Grassland in northeastern Colorado. This surface
was comprised of short native grama and buffalo grasses
that were sparse enough that small areas of bare soil were
still visible. Because of this condition, the measure-
ments were an integrated result comprised of the vegetation
and soil surfaces. The altitudes of the flights weré varied
so as to ascertain whether some variation in reflectance
was attributable to a change in flight altitude. This
point will be discussed in the next section.

The swampy, dense vegetation surface was located

southwest of Tallahassee and east of Panama City, Florida.
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Although the area was very swamny, the reflecting surface
was completely composed of veaetation. These results are
subsequently representative of those to be expected +rom
vegetation as opposed to the dry desert lake bed which was
devoid of any vegetation.

Figs. 1.5.1-3 show reflectance distributions observed
over stratus clouds at three different locations under
differing conditions of illumination and underlying surface.
Fig. 1.5.4-8 show representative results for the remain-
ing surfaces when the solar zenith angle was near 60°.
These last figures were chosen in this way so as to
establish a clearer basis for comparison. Similar
figures are in the appendix for all the flights in
Table 1.5.1 that are not shown in this chapter. Parts
(a) and (b) of each of the figures mentioned above show
the ratio of the reflectance r at prescribed intervals of
6 and y to the reflectance observed at 6=0° designated as
(F)o. Part (c) of each figure shows the variation of r
for e_<_750 in the principal plane. The number of read-
ings comprising each plotted point, other than e=0°, is
given also in part (c). The range given is the difference
in the average values of reflectance obtained from suc-
cessive passes over the reflecting surface.

In Table 1.5.2 data and results are listed which
serve to summarize some of the important points to be
discussed in the next section. Column 4 gives the

incoming solar energy as measured by the Sol-a-meter
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at the top of the airplane. These values of incoming

energy were used to correct the integrated directional
reflectance values measured in the broad bandpass (Column

7) for the effect of atmospheric attenuation. This cor-
rection is necessary in that the broad bandpass reflectances
are derived from a comparison to values resulting when the
energy in the incident beam is equivalent to the solar con-
stant. Furthermore, the values are affected by the dif-
ferences in the attenuating air mass at different locations.

The correction can mathematically be expressed as

corrected (rD)B = (S/S") (rD)B . 1.5(1)

The results are given in Column 9. S' is the total incom-
ing energy measured by the Sol-a-meter and S is the normal
component of the solar constant. For solar zenith angles
exceeding 700, the Sol-a-meter measurements are not reliable
and are not presented. Other missing data in Columns 7 and
9 resulted from the Sol-a-meter being inoperative.

Columns 6 and 8 give the ratio of the integrated
directional reflectance to the average value of reflec-
tance observed at 6=0°. These results give an idea of the
error that one could make in an estimate of albedo utilizing
only one reading of reflectance of the MRIR at one radio-
meter zenith angle (e=0°) and ignoring the anisotropy in

reflected solar radiation. This ratio will be referred to
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as the relative anisotropy. Values of rD/(F)0 are given
for both the broad and narrow bandpasses. (F)0 represents
an average of as many as 130 values per flight.

Column 10 (Column 5 minus Column 7) illustrates the
combined effect of atmospheric attenuation and the spec-
tral characteristics of surface reflectivity, incoming
energy, and bandpass filters on the integrated directional

reflectances measured by the narrow and broad bandpasses.

1.6. Discussion of the Results

Several features in Figs.1.5.1-3 showing the observed
scattering from stratus clouds are of importance. The
most obvious features are the strong forward scattering
and the lesser backscattering. As the solar zenith angle
increases in Figs. 1.5.1-3 one can see increased reflectances
in the forward direction. This result occurs because more
and more of the forward scattering peak suggested by scat-
tering theory (to be outlined in Chapter II) can be observed.
The minimum reflectance occurs when the radiometer zenith
angle is near zero degrees. The degree of forward and back-
scattering is not as large as that predicted by theoretical
rcsults involving single scattering such as those given by
D-irmendjian (1964). Differences are certainly to be
esnocted, however, since the experimental results represent
irni2grated effects over a range of wavelengths accompanied
by multiple scattering, varying drop size distribution, an

virying optical thicknesses. Feigel'son (1966, chapter 2)
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gives some discussion of the relative importance of these
factors. Further discussion of these matters will be pre-
sented in Chapter III as the processes resulting in the
observed reflectance distributions are examined in more
detail. In particular, it will be shown that when multiple
scattering is included, computed results agree rather well
with the observed reflectances.

The reflection from the other highly reflective
surfaces (snow and white gypsum sand) was not observed
to be as anisotropic as that from stratus clouds. In
Fig. 1.5.4 it can be seen that at a solar zenith angle
between 66 and 70 degrees, the reflection from snow has
a quasi-specular peak in the forward direction while the
reflection in other directions tends to be isotropic.

The peak in the forward direction is termed "quasi-specular"
because it occurs at an angle exceeding the angle of inci-
dence. This forward peak disappears rapidly as the solar
zenith angle becomes smaller. These results are in general
agreement with those of Middleton and Mungall (1952) and
Griggs and Marggraf (1967).

The reflection from white sand was the most isotropic
cf any observed. There was a slight increase in reflection
back toward the sun (Fig. 1.5.5). Only when the sun was
very near.the horizon was any specular component observed.
These results agree in substance with those published by
Chen, et al. (1967) where the reflectance characteristics

of white gypsum sand were observed in a laboratory. One
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difference exists, however, in that the maximum in
reflectance back toward the sun in the principal plane
does not occur at 6=r  as it appears to do in Chen's
results. No definite explanation for this difference
can be offered at this time; however, it is felt that
the difference lies in the contrasting environmental
conditions surrounding the two sets of measurements.
The existence of a combined beam and diffuse illumination
condition in the situation surrounding the measurements
reported here and the illumination by a beam of light only
in the Tlaboratory case should be part of the explanation.
Also the portion of the incoming solar radiation reflected
by the atmosphere itself must be considered since this
component has an increased influence as one scans toward
the horizons (Coulson, et al., 1966). Several checks were
made of the data presented here to see whether a mistake
in the positioning of the reflectance curves might have
been made, but no such mistake was found.

In Figs. 1.5.6-8 one can observe the changes in
reflectance observed for surface conditions which go
from a surface without any vegetation to a surface com-
pletely covered by vegetation. 1In all cases the pre-
dominant feature is increased reflection back toward the
sun. The minimum for all surfaces occurs in the principal
plane in the ¢=0° direction going from a radiometer zenith
angle near 75% in the case of a dry desert lake bed to an

angle near 30° in the dense vegetation-swamp condition.
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This occurrence can be described qualitatively as a
shadow effect that appears to be related to the size
of the elements creating the reflection.

The results over the dry desert lake bed are
particularly noteworthy in that the reflection back toward
the sun was very noticeable even when observed with the
naked eye or in photographs taken at various angles with
respect to the sun. Although there is some resemblance,
these results should not be construed as typical of a desert
condition. It is felt that the degree of reflection back
toward the sun in this case is more than that to be expected
over desert sand. A desert sand reflectance distribution
would be more likely to have a minimum in reflectance
nearer 6=0° and a less pronounced increase in reflectance
back toward the sun.

In Table 1.5.2 the results given in Column 9 will be
discussed first. As pointed out earlier in the chapter,
the spectré] response of the Sol-a-meter lies in a narrow
band from 0.3-1.15. The Sol-a-meters are commonly cali-
brated against an Eppley pyrheliometer which has broader
(0.2-3.0u) and flatter response characteristics (MacDonald,
1951). This procedure, under static atmospheric conditions,
enables one to get accurate measurements of the total incom-
ing solar energy from the Sol-a-meter. It is clear, however,
*hat this calibration will change as the intervening air
mass chanaes since the Sol-a-meter does not respond to the

iarner wavelengths of solar radiation (1-3u) where, for
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TABLE 1.5.2. INTEGRATED DIRECTIONAL REFLECTANCE AND
RELATIVE ANISOTROPY OBSERVED BY THE NIMBUS F-3 RADIOMETER
OVER DIFFERENT SURFACES WITH VARYING SOLAR ZENITH ANGLE.

U & R ) I ) RE)) 1) -
x.
- =)

= jonlg o ,—.O @ —~

= w 50 o © = £

- o il < - v

3 I e = = o . =

s & ]

z = gz £ = < £ o2
1 STRATUS 58-68 0,65 0.54 i.45 0.42 1.54 0.61 0.10
2 STRATUS 16-17 1.71 0.45 .95 0.34 0.96 0.38 0.11
3 STRATUS 45-5%4 1.08 Q.56 1.22 Q.44 1.24 0.53 0.12
4 STRATUS 17-18 1.70 0.45 1.05 C.36 1.04 0.43 0.09
5 STRATUS 57-58 0.80 n.87 1.21 0.64 1.26 0.86 0.23
6 STRATUS 63-66 0.56 0.78 1.32 0.57 1.36 0.88 0.21

Thin Ci

7 STRATUS 76-79 ecmma-- 0.77 1.74 0.60 1.73 -———- 0.17

8 STRATUS 66-70 .50 0.87 1.27 0.61 1.36 ¢.91 0.26

9 SNOW 82-8B6 aw--ea- 0.73 1.20 0.49 1.19 -—--- 0.24

10 SNOW 63-65 0.64 0.90 1.06 0.58 1.10 0.81 0.32

11 SNOW $6-70 0.50 C.88 1.10 0.55 1.16 0.82 0.33

12 WHITE 20-22 eemmeo o 0.65 0.96 0.46 0.98 -——- 0.19
SAND

13 WHITE 76-82  ee---eo 0.73 1.13 0.55 1.13 .- 0,18
SAND

14 WHITE 57-61 0.80 0.69 1.07 n.53 1.08 0.69 0.16
SAND

15 WHITE 47-49 1.04 0.70 1.0% 0.54 1.05 0.71 0.16
SAND

16 WHITE 57-61 0.62 0.690 1.07 0.41 1.08 Q.71 8.19
SAND Thin Ci

17 DESERT 58-59 0.72 0.28 1.13 0.23 1.18 0.33 0.95%
LAKE BED

18 DESERT 70-73 0.35 0.24 1.23 0.19 1.18 0.34 0.05
LAKE BED

19 GRASSLAND 59-63 = -ee-e-- 0.19 1.29 0.19 1.30 ———— 0,00

20 GRASSLAND 57-589 cewe-ea 0.21 1.31 0.19 1.28 ——-- 0.02

21 GRASSLAND 55+57 = eeceeaaa 0.18 1.26 0.19 1.18 ———— -0.01

22 GRASSLAND 66-69 0.57 0.23 1.27 0.24 1.30 .32 -0,

23 GRASSLAND 59-62 0.72 0.22 1.22 0.22 1.18 0.30 -0.00

24 GRASSLAND 78-.82 R s 0.13 2.18 016 1.80 ——— -0.03

25 VEGETATION 56-61 0.74 0.07 1.68 0.11 1.37 n. -

«SWAMP 16 0.04
26 VEGETATION n-73 0.40 0.08 2,45 0.11 1.61 0.18 ~0.03

- SWAMP
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instance, absorption by water vanor takes nlace. At
increasing altitudes above the surface, this effect

would result in the instrument giving a readinag which

is below the true value since the water vapor con-

tent tends to decrease rapidly with height. In general,
therefore, the corrected broad bandpass reading in Column

9 will be higher than the true values since they were all
taken from 120-1200 meters above the reflecting surface.
The corrected integrated directional broad bandnass results,
however, are much more comparable to true albedoes than the
uncorrected readings in that the above effect can produce
an error of only a few percent.

Upon examination of the results given in Column 9, it
can be ascertained that, although none of the results appear
to be outside the range of possibility (List, 1963, pp. 442-
443), they do appear to be always on the high side of the
expected values. In particular, the results over stratus
clouds in flight 5 and 6 and the results near Logan, Utah,
are subject to conjecture.

For the flights near Logan, Utah, another factor
causing high readings of integrated directional reflec-
tance exists. In this area the reflecting surfaces in the
Cache Valley were surrounded by high, snow-covered mountains.
It is reasonable to expect that an appreciable portion of
the solar radiation reflected from these mountains would
strike the stratus and snow surfaces (which were well below

the tops of the mountains) in the valley and acain be
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reflected. This occurrence would result in a higher albedo
detected by the aircraft since its flight altitude was near
the top of the mountains. This reasoning would indicate
that the true reflectance value for the snow near Laramie,
Wyoming, was higher than that near Logan, Utah. This con-
clusion is in agreement with the fact that the snow near
Logan, Utah, had been on the ground longer than that at
Laramie and would have a lower albedo (List, 1963, pp. 442-
443).

The data in Column 9 does indicate that the integrated
directional reflectance over stratus clouds increases with
increasing solar zenith angle. This conclusion is supported
by results given in Feigel'son (1966, p. 103). It is further
observed in this column that the underlying surface has an
influence on the magnitude of the reflected radiation from
stratus clouds. This can be most easily seen when com-
paring the results for stratus clouds over water with the
result given for stratus clouds over snow near Logan, Utah.

The thickness of a cloud also influences the magnitude
of the reflectances observed. This may be seen in the
flights near San Francisco on 11 June and 17 July 1965.

For the flights near San Francisco and Bakersfield,
California, the reflectance may be seen to increase

markedly as the thickness of the clouds increases (Column 14).
The data further suggests that the change in reflectance

with increasing cloud thickness is less rapid as the clouds
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become thicker. These conclusions and the data in
Column 9 agree rather well with those published by
Neiburger (1949).

Columns 6 and 8 of Table 1.5.2 present the varying
magnitudes of the relative anisotropy parameter. As
might be expected from the results reviewed in Figs.
1.5.1-8, the magnitude of this term increases as the
solar zenith angle increases. Tﬁis observation 1is
particularly evident in the case of stratus clouds.

The absolute magnitude of this term further shows that
the anisotropy in reflected radiation from white gypsum
sand is the least of all surfaces. In the case of soils
and vegetation covered surfaces, the low magnitude of the
reflectances causes a large variation in the relative
anisotropy term for a relatively small variation in the
magnitude of the reflectances. Still the term serves to
illustrate the percentage error that could be made in
inferring the albedo of a surface with a 1imited view
radiometer.

It should be pointed out that on an empirical basis,
a radiometer zenith angle could be selected in the princi-
pal plane which would give a measurement close to the
albedo of the surface being examined. As an example,
in Fig. 1.5.2 a reading at w=0° and 6=30° would correspond
closely to the broad bandpass integrated directional

reflectance of 0.64.
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In Figs. 1.5.1-8, part (c), and in Column 10 of

Table 1.5.2, the difference in reflectance between the
narrow and broad bandpasses can be seen to vary for each
type of surface. The variation in the difference is pri-
marily the effect of the spectral reflectivity characteris-
tics of the surface. However, it is also an indication of
the effect of the spectral characteristics of the incoming
energy and the bandpass filter characteristics. The
influence of the underlying surface is evident again in
Column 10 in the data for stratus clouds. The difference
in the bandpass reflectances for stratus clouds over water
is clearly less than that determined for other cases, par-
ticularly where stratus clouds were underlain by snow. In
general, the data in Column 10 is supported by measurements
of spectral reflectijvity reported by Hovis (1966), Bartman
(1967), and Dirmhirn (1967). The apparently anomalous
result in this column for flight 9 is attributed either
to the appearance of shadows or possibly to insufficient
accuracy in the determination of the solar zenith angle.

| In the previous section it was noted that an attempt
was made to see if a variation in the reflectance over
the grassland-sod surface could be detected that was
attributable to a change in the flight altitude at which
the measurements were made. For the purposes of this com-
parison it is best to examine the results of flights 22
and 23 in Table 1.5.2 and Figs. 1.6.1-2. The atmospheric

and flight conditions on these two flights were optimum
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and so an accurate comparison is possible. Upon examina-
tion of the figures it can be seen that an increased Tlimb
brightening effect is evident in Fig. 1.6.71 versus 1.6.2.
This result occurs because of the increased altitude and
the accompanying increase in the intervening air mass
between the airplane and the reflecting surface. The
altitude influence also dppears in Column 9 of Table
1.5.2 where an increased "y is also noted at the higher
altitude due, at Teast in part, to the increased reflec-
tance from the intervening ajr mass. It must be realized
that in all of these measurements the intervening air
mass is a part of the observed results although the low
flight altitudes in most of the flights made the effect

a small one. The influence of the intervening air mass
on the observations is naturally Targer the nearer an
observation is to the horizon.

There were four flights made over a relatively calm
ocean surface near Oceanside and Los Angeles, California.
The objective of these flights was to compare the aircraft
measurements with theoretical calculations of specular
reflection from a still water surface. Unfortunately, the
specular component of the reflected solar radiation was so
large that it exceeded the limits of the calibration curves
so far that only qualitative observations could be made.
Fig. 1.6.3 shows the approximate distribution of the
reflectance r' for the broad bandpass in the principal

plane under the illumination conditions indicated. As
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can be seen, the specular component is very large and
the remainder of the reflectances are very small except
near the horizon on the antisolar side where some increased

reflectance was observed.

1.7. Conclusions ‘

The results presented in this chapter show that the
reflectance from surfaces representative of a majority of
terrestrial surfaces is sufficiently anisotropic as to
dictate that this factor be considered in attempts to
ascertain the planetary albedo from satellite radiometers
with a Timited field of view. As an example of the
importance of considering this factor and the contribu-
tions that it made in global energy balance calculations,
one is referred to a study by Raschke and Pasternak (1967).
In that study some of the results coming from this chapter
and other sources were used to calculate a global enerqgy
balance using data from the NIMBUS II satellite and a
radiometer very nearly identical to the one used in this
research. The planetary albedo achieved in that study
- was near 30 percent. This was a definite improvement
over the results achieved by Bandeen et. al. (1965).

It was also quite evident from the observations that
it is very important in determining the planetary albedo
from a satellite to use only the data from a bandpass
admitting nearly all wavelengths in the solar spectrum

such as, for example, the broad bandpass of the MRIR.
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The results here show that the use of narrower band-
passes will result in values of reflectance which are
dependent upon the spectral reflectivity of the surface,
the spectral distribution of the incoming energy, and the
spectral response characteristics of the instrument. To
extrapolate such values accurately so as to determine the
total solar energy reflected from a surface would require
detailed knowledge of these factors and would be difficult
to do for global radiation studies such as those referred
to above.

The observations reviewed in this chapter were taken
under completely natural conditions insofar as the illumina-
tion and character of each surface were concerned. As a
result, these data are a valuable source of comparison for
numerical studies attempting to simulate the transfer and
distribution of solar energy at various levels in the
atmosphere. It would be very interesting to determine
quantitatively exactly how much of a role the scattering
and absorption of the intervening air mass had on the
observations. These observations suggested that scattering
from the atmosphere was a significant component of the
reflectances observed near the horizon. To know the role
of different haze concentrations on reflectance measure-
ments would be particularly interesting.

In as much as anisotropy was observed over the majority
of surfaces considered here, it would be well to examine how

this anisotropy was produced. It is important to know, for
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instance, what effect the size and configuration of the
elements comprising each surface have in relation to the
wavelength of the incident solar energy on the resulting
anisotropy. An analysis of the importance of such factors
in the observed scattering from stratus clouds is given

in Chaoters II and III.
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Chapter II

A THEORETICAL FRAMEWORK FOR ANALYZING SCATTERING FOR
STRATUS CLOUDS

2.1. Introduction

In Chapter I varying degrees of anisotropy in the
reflection of solar radiation from various surfaces were
described. The question arises as to how this anisotropy
occurs and how it may be described mathematically. In
the case of reflection from sand, snow, desert soil,
grassland, and vegetation, a mathematical description
of the reflection properties of the surface is very
difficult. The difficulty arises because of the non-
uniformity and irregularity of the surfaces and the
elements comprising each surface. Because of the size
of these elements with respect to the wavelength of the
incident 1ight, it is clear that a geometrical-optics
approach which considers the inclination of the various
surfaces to the incident beam is a logical starting point.
This was done by Middleton and Mungall (1952) who derived
an approximate theory describing the quasi-specular
reflection from snow surfaces. Beckmann and Spizzichino
(1963) discuss many other important aspects of scattering
from rough surfaces.

The surface which does readily lend itself to inves-
tigation of its scattering properties is the stratus cloud.
The stratus cloud resembles, more closely than any other

cloud form, the plane-parallel atmosphere commonly assumed
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in atmospheric radiative transfer theory. Furthermore,

it is composed of particles which can, for all practical
purposes, be considered spherical. Thus, the interaction

of electromagnetic energy with the spheres can be accurately
described by what is commonly known as the Mie theory. The
elements of the radiative transfer theory and scattering in
polydispersed particulate volumes as they resemble a cloudy

atmosphere is described in the following pages.

2.2. The Equation of Radiative Transfer

The most general mathematical description of the
interaction of radiant energy with an atmospheric volume
is contained within the radiative transfer theory as
described by Chandrasekhar (1960), Sobolev (1963),
Ambartsumyan (1958), and Busbridge (7960). It is now
necessary to describe the components of the equation of
radiative transfer as it applies to a scattering atmosphere.

One of the basic parameters used is the specific
intensity Iv where v refers to the frequency of the energy
being considered. Iv is related to the spectral radiant

energy Ev by the expression

d“E_
v - CosedvdAdadt 2.2(1)

where 6 is the zenith angle of the outgoing radiation

(measured with respect to the outward normal to the area
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element dA), do is the solid angle element and dt is a
unit of time. In the expression above dA, do, dv, and
dt may approach zero in any manner.

Another fundamental quantity is the "net flux"
(Chandrasekhar, 1960). This may be defined as the
rate of flow of radiant energy across a unit area

per unit frequency interval, and can be expressed as

F = J I cose dn. 2.2(2)
Q\)

\Y

For a scattering atmosphere one can define a mass-
scattering coefficient Ko By using this coefficient it
is possibie to describe the amount of energy depleted
from an incident pencil of radiation passing through a
cylindrical disk of thickness ds and cross section dA
perpendicular to the pencil of radiation. The density
of the scattering material is p,+ The depletion of the
incident pencil of radiation of some intensity Iv after
having passed through the cylindrical element is now

expressed as

dIldvdAdet = -(KvpodS) (IvdvdAdet). 2.2(3)

For a cloudy atmosphere it will be appropriate to define

a volume scattering coefficient Bv=Kvpo. As a result
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Eq. 2.2(3) appears as
dIldvdAdet = —(Bvds) (IvdvdAdet). 2.2(4)

The fraction of the depleted energy scattered through an

angle © into a solid angle do' can be written as follows:
(evds) (IvdvdAdet) p(e). 2.2(5)

The phase function p(e) designates the distribution of the
scattered energy. A comparison of 2.2(5) with 2.2(4)
specifies the following normalization for the phase

function:

f ple) 98- -1, 2.2(6)
Q' b

The phase function can be obtained through the applica-
tion of scattering theory that will be described in the
next section.

One must recognize in a scattering atmosphere that
energy scattered outside a volume element may proceed
into the volume, be scattered again, and emerge in the
direction of the incident beam. When this contribution
is expressed mathematically, it is called the "source

function" and can be written,
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do'
um

3, = | »to) 1 2.2(7)
Q
If the losses dI1 and the gain Jv are totaled, the

equation of radiative transfer for the conservative case

is

\) -
- ds = 1, - 9J,- 2.2(8)

For radiative transfer problems it is common to
apply the equation of radiative transfer to a plane-
parallel atmosphere where linear distances are measured
normal to the plane of stratification in the direction z
(see Fig. 1.3.1). It is further common to express the
equation of radiative transfer in terms of the normal
optical depth = which is related to volume scattering

coefficient and length ds as follows:

. = j 8 dz 2.2(9)
z AY)

where dz=-coseds. Subsequently, Eq. 2.2(8) assumes its

standard form for a plane parallel atmosphere,

dl _
na':r'-I-J 2.2(]0).
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where n is used to designate cose. A + n designates
radiation propagated upward and a - n designates radia-
tion propagated downward. The substript v has been
dropped for convenience and monochromacity will be
assumed unless otherwise noted.

Eg. 2.2(70) pertains to the total intensity derived
from energy considerations and does not take into account
the polarization properties of the radiation. This same
equation can be extended to a matrix form that completely
describes the incident and scattered light (Sekera, 1957).
The intensity is replaced by a column matrix composed of
1

the Stokes vectors, I U, and V. The subscripts 2

L r’

and r designate the intensity components parallel and
perpendicular to the meridional plane passing through the
local vertical and the direction of propagation of the
intensity vector. U and V are intensities related respec-
tively to the plane of polarization and the ellipticity of
the pnolarization.

When the idea in the preceding paragraph is imple-
mented and the source function is split into a parallel
beam component and a diffuse component, the equation of

transfer for a scattering atmosphere may be expressed as

follows:
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n dy(esn,e) . T(t3n,0)

dt

]

+1 21T
f f P(n,ésn',¢)eq(tsu',9")dn'do’

- ——-P(n,¢;cosco,¢O)-F-exp(-r/cosco).

b

2.2(11)

The elements of the phase matrix P can be obtained from

scattering theory. 1In the first step of this process the

elements of tha phase matrix apply to the components of the

incident and scattered waves perpendicular and parallel to

the scattering plane which goes through the direction of

propagation of both the incident and scattered beams.

For a medium comprised of spherical scatterers it can be

shown (Van de Hulst, 1957, chapter 5) that the elements of

this first matrix are

P 0 0
11
0 P 0
22
P o=
0o 0 p
33
0 0 p
43

3k

Wy

2.2(12)
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where

P =P ,P =p,P =P =P, and P=-P =P
11 1 22 2 33 44 3 34 43 4

2.2(13)

The way in which these components may be computed from
Mie theory will be described in later pages.

Once P' has been obtained it is necessary to trans-
form the elements of the matrix so that it can be used in
Eq. 2.2(11). This is a rather lengthy geometry problem
that has been described in Chandrasekhar (1960), Zekera
(1955), and Herman (1964). For the application to be
described in Chapter IV only the basic matrix elements

in P' need to be referred to here.

2.3. The Mie Theory

There are several good references which describe the
diffraction of a plane electromagnetic wave by a homogeneous
sphere or, as it has come to be commonly known, the Mie
theory (Mie, 1908; Debye, 1909; Van de Hulst, 1957; Born
and Wolf, 1959; Van Bladel, 1964; Herman, 1964; and Shifrin,
1968). The development which follows is very close to that
of Born and Wolf. For a homogeneous, isotropic medium hav-
ing a dielectric constant e, magnetic permeability ¢, and
electroconductivity o, Maxwell's equations have the follow-

ing form when using Gaussian units:
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VXKoL =i 2.3(1)
vxg+%2—%=o 2.3(2)
veD = ymp' 2.3(3)
v-B =0 . 2.3(4)

D and B are the electric displacement and magnetic
induction vectors respectively, E and H are the electric

and magnetic field vectors, é is the current density, o'

is the charge density, and c is the speed of light in a
vacuum. For 1inear2 matter there are constitutive relation-
ships between the induction and field vectors that are often
called the "material equations"” because they describe the
macroscopic properties which control the interaction of the

matter with electromagnetic energy. For simple matter

these relationships can be expressed as follows:

Qg
]
W]
m

2.3(5)

2Linear matter is matter in which the relationships
can be described by a linear differential eaquation with
time. In simple linear matter only the first term, inde-
pendent of time, is used as in Egs. 2.3(5)-2.3(7).
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B = ¢H 2.3(6)

j o= of . 2.3(7)

From this point, the following assumptions, true
of all isotropic, homogeneous dielectric materials, will
be made for mathematical and simplicity:
a) e, £, and o are independent of time
b) The magnetic permeabilities are all 1.
c) No free charges exist in any of the particles
or bodies examined.3
d) The electric and magnetic fields are harmonic
functions of time (proportional to e'iwt
where w is the field frequency).

With these assumptions, Eqs. 2.3(1-4) can be written:

bmo iew
v XH = - E=-k E 2.3(8
R Y. 3(8)
vX§=%2|:|=kzlj 2.3(9)
v-E =0 2.3(10)

3¢ can be shown (Stratton, 1941; Born and Wolf, 1959)
that for any region with non-vanishing conductivity, the
free charge decays exponentially with time and can be set
to zero.
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v-H = 0, 2.3(11)
By substituting the first two equations into each

2
other, and using the vector identity vXvXA=v(v-A)-v A

and the last two relations, the following equations are

obtained:
Vv2E = k?2E = 0 2.3(12)
VZH 4+ k?H = 0 2.4(13)
where k2 = -k k .
1 2

If E or H is replaced by the scalar Y in 2.3( 2), then one

has the scalar wave equation,
VY + k%Y = 0. 2.3(14)
This equation expressed in spherical coordinates will be

referred to later on.

Egqs. 2.3(8) and 2.3(9) can also be written as

= mj 2
VX H o= -ikm ZE 2.3(15)
VXE = ikH 2.3(16)
where k = £ and
o] Cc
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mo2 = g+i “ZO = (n-in')?2 2.3(17)

m is the complex index of refraction having a real part
called the real index of refraction and an imaginary part
often referred to as the absorption term.

As with any physical problem the fields, E and H,
must satisfy not only Maxwell's equations but also certain
boundary conditions. In particular, Maxwell equations
must be satisfied within regions that are sections of a
discontinuity such as the boundary between a particle or
droplet and its surrounding medium. Furthermore, the
behavior of the diffracted field must behave regularly at
infinity and at the origin. These requirements will be
dealt with more explicitly later.

For the diffraction of a plane wave by a snhere, a
spherical coordinate system is appropriate. For ease of
referral a more simple and appropriate diagram than

Fig. 1.3.1 1is presented below.

/ Scaitered

_ i Ray
E(l) T

s Pt oron
., e/

[
Pro pog_&tlon
z’
Fig. 2.3.1. A simplified spherical coordinate system.

!
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The quantities that refer to the medium outside tﬁe
sphere will be designated by the superscripted arabic
numeral 1 in parentheses and those aquantities associated
with conditions inside the sphere will be designated in
a similar manner by the arabic numeral 2.

From the geometry in Fig. 2.3.1 and the general
boundary condition requirements, it is evident that the
tangential components of E and H must be continuous across
the surface of the sphere. It is further evident that the
total field outside the spheré is made up of the incident
and scattered fields while the total field within the
sphere consists only of the transmitted component. Al]l
six components of the fields, E and H, have the same time
dependence, e'iwt. This insures that the scattering occurs
without a change in frequency. For convenience it will
be assumed from this point on that ]E(i)l = Ie'iwt[ = 1.

In essence, the solution of the scattering of a
linearly polarized electromagnetic wave by a spherical
particle consists of the following. The six unknown com-
ponents will be expressed in terms of two functions des-
cribed as electric and magnetic potentials. These poten-
tials will be shown to be solutions of the wave equation
and will be expressed in terms of the spherical coordinates
by using a Fourier analysis consisting of infinite sums
of special solutions with unknown coefficients. The unknown

coefficients will be determined by applying the boundary con-

ditions to the fields inside and outside the sphere.
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With the above synthesis in mind, Maxwell's eauations
for E and H may be expressed in component forms appropriate
for a spherical coordinate system. The proper form for the
vector curl operation can be found in Godske et. al., (1957).

Eqs. 2.3(8) and 2.3(9) in component form appear as follows:

-k E = —]___ é_( inoH ) _ Efl_g 2 3(18)
170  psine 36'° o Y .
oH 3(pH sino)
- = o _ ¢
klEQ " psine 30 3p 2.3(19)
N 3
-klE(P - o -3—0- (DHO) Y (Hp) 2.3(20)
3(pE,sine) 3(pE )
kM = : . 38 "3 2 2.3(21)
2 P p25ine 9
ok, 3(pE_sino)
- ] o 9
sze " psine 3o T 30 2.3(22)
3(pE.)  oE
2 1 0 0
sz<I> T p dp 30 2.3(23)
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At p=a, the radius of the sphere, the boundary conditions

require that

E@(1) - E@(z) 2.3(24)
(1) - He(z) 2.3(25)
E¢(1) - E®(2) 2.3(26)
HQ(I) - HQ(Z). 2.3(27)

The electromagnetic field may be represented as a
superposition of two types of oscillations. One oscilla-
tion wi]f have a vanishing magnetic field in the p direc-
tion and will be termed the electric wave. The oscillation
with a vanishing electric field in the p direction will be

called the magnetic wave. These conditions are expressed as

1}
o

€r = , &y

0 0 0 s 2.3(28)

and

Me = , My = H ] 2.3(29)
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For the case of the electric wave it can be seen

that in Ea. 2.3(21),

9 sep - _ 3 qe
35 ( E¢s1ne) = 5 ( Ee) . 2.3(30)

This relationship will be satisfied if one assumes that

E@ sine and EO are derijvatives of some function @0. This

means that

e . 00
E¢s1ne = 53 2.3(31)
and
e a0,
E@ = 'a—e— . 2.3(32)

When this assumption is substituted into 2.3(19-20), one

obtains
30 3(oH.)
o _ 1 )
k1 56 - o 35 2.3(33)
and
30
o .S1N6 o e
-k1 55 - o 5% (o Ho) 2.3(34)



These last two results will be satisfied if we assume

¢O=p'1 (3Y/3p) so that

~
—
Q
<

eH =

. 2.3(35)

°|
@
O]

and

e _ 1 oY
Ho = psine so - 2.3(36)

Furthermore, Eqs. 2.3(31) and 2.3(32) now have the form

e _ 1 32Y
® psine adap 2.3(37)
and
e _ 1 32y
Eo = 5_ 9093p 2.3(38)

e

Finally if one substitutes 2.3(35-38) into 2.3(18), an

expression for the final component eEp is obtained:

e = 1 (2 (_sinedY ). 2

1 oY
) 30 30 35}

$inoe’o

Q
Q

2.3(39)
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When the components (2.3.35-39) are substituted

into 2.3(22-23), one gets the same result:

1

2
BY - 1 32Y]_ 3 Y - k2Y=0
p2sing

3 .
[== (-sino—=
20 sing 862  3p2

30

2.3(40)

By examining this last equation and having a prior knowl-
edge of the Laplacian operator in spherical coordinates,
one can see that it is advantageous to let Y=pU;. This

allows 2.3(40) to be expressed as

2l

32U
. 1 1
( Sinoyg ) +

32(pb;)
1.2
o

Icv

+ k2U1= 0.

@
@

30?2 p2s1nd p2sin?e 302

2.3(41)
which one can recognize as 2.3(14) in spherical coordinates.

This change of variable finally dictates that 2.3(35-39)

have the following forms:

eE _ 'I az(pUI)
¢ osino b8pdd 2.3(42)
32(pU;)
eE = l 1

S P 9p90 2.3(43)
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ky 3(pUy)
e, 1

-k, 3(DU1)
e
H = 2.3(45
© psine 90 (45)
32(pU;)
F = — & Kk2puU, . 2.3(46)
p 302

Now one has expressed all the components of the
electric wave terms of the function U; (p,0,2). The
same can be done for the magnetic wave case where mEp=0
by starting with Eq. 2.3(18), going to 2.3(22 and 23),
then to 2.3(21), and finally getting the wave equation
in 2.3(19-20). Expressions will be obtained which are
similar to 2.3(42-46), but involve U,, the magnetic
potential, instead of U;. The two functions U; and U,
are scalar potentials that are sometimes called "Debye
potentials" (Debye, 1909). Both potentijals are obviously

solutions to the wave equation:
v2U1 + k2U1 =0 (i=1,2). 2.3(47)

The complete fields will be made up of a combina-

tion of the electric and magnetic waves solutions. From



69

the procedure just outlined one can arrive at the follow-

ing expressions for the field components:

32(pU;)
E =% + M = ——— + k%l 2.3(48)
ap

1 52(pUy) ko  3(pUp)

0 0 © " b T3p30 'pSine e
2.3(49)
2
E o= 4 Mp . 1 32(pUy) _ Ei 3(pUs)
¢ ¢ ¢ psine 23pod 0 “36’—’
2.3(50)
2
Ho= MH + BH = k2pU; + 2— (pU,) 2.3(51)
P p p sz
-k;  3{pU 92(pU
Ho="i 4+ €4 = pU1) L1 (oU2)
© S) @ psine 3¢ T
2.3(52)

‘ 2
H = mH + eH = Ei a(pUI) + 1 ’ (DUZ)
) ) ) o 90 pSTNO 3pdd

2.3(53)

From the boundary conditions given in 2.3(24-27) and
from 2.3(49-50) and 2.3 (52-53), one can see that the four

quantities given below must be continuous across the surface

of the sphere:



kipU1, kapUy, %; (pU7), %; (pUz).

2.3(54)

This observation indicates the independence of the electric
and magnetic waves. Because of this independence, the prob-
lem of solving the diffraction by a sphere is reduced to
finding two mutually independent solutions to 2.3(47) with
the stated boundary conditions.

Eq. 2.3(41) is a partial differential equation in
spherical coordinates to which the standard separation:

of variables technique can be applied with

U= R(p)T(B)F0(¢). 2.3(55)
This results in the separated equations

d2(eR) , (k2- ii) oR=0 2.3(56)

dpz pz

1 d . dT B1 _

sTno 36-(s1nea§) + (al-sinze) T=0 2.3(57)
2

EE veiF =0 . 2.3(58)

do?
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The derivation of these equations may be found in Born

and Wolf (1959), or Shifrin (1968). Any of the separation
constants which appear must satisfy the requirement that

E and H are single-valued functions of position. For

each of the preceding equations it is possible to write

down the corresponding general equation. These cauations

are:

2 2
42, 14z, pylart/a) g 44 2.3(59)
dp2 P U° (p)2
[5=ko,R(r)= + 2(5)]
/b
2 2
(1-n 2) LT 2y 4T s pp(as1)- 23 720 2.3(60)
0 2 n 2
dn 0 1-n
(o] 0]
(no=cose)
1/2 . 1/2
a cos (g; ' o) + b sin (8 o) = 0. 2.3(61)

The conditions of single valuedness requires that
B1=m?2 where m is an integer, and a;=2(2+1) where >|m].
The solutions to 2.3(60) are associated Legendre poly-
nomials of degree 2 and order m. The solutijons are
finite at the poles where p=+1 and they are periodic

in o. They may be expressed as
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_ oM
T=7p7 (n). 2.3(62)

A convenient review of the properties of associated
Legendre polynomials is given in Chapman and Bartels
(1940).

The solution to 2.3(59) is a general cylindrical

function of order g+1/2:"

)

Z = g‘ ZZ"’I/Z (p) . 2.3(63)
0f the cylindrical functions (Abramowitz and Stegun,

(1963), only those of the first kind, J (o) are

L+1/2
finite at zero and can be used within the sphere. To
represent the scattered field outside the sphere only

the Hankel functions can be used since they vanish at
infinity in the complex plane. The Hankel functions

are a combination of Bessel and Neumann functions and

are expressed as follows where J represents the Bessel
function, N is a Neumann function, and H! and H2 represent

Hankel functions of the first and second kind, respectively.

They can be written:

HI = 9+ N 2.3(64)

H2 = g - iN_ 2.3(65)
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Since the time factor used in this development is

e~ 1ot 5 Hankel function of the first kind is appro-
priate because it behaves at large p as eiE/B.
Furthermore, the Riccati-Bessel functions (Van de Hulst,
1957) will be used here because they later prove to be

convenient. They are defined as

172 _1/2

b, () =21 9, 6), X () DRI N, (6),

2.3(66)

- 1/2 ) =2 i
2 (5) =51 Hiyyy4e). () =[z%] Hpwyyn (o)

2.3(67)

The total solution must be represented in the form
of a superposition of the special solutions already indi-
cated which have some unspecified coefficients that will
be détermined through the use of the boundary conditions.
In particular, the potentials, U; and U,, will be expressed
in series composed of the indicated solutions as fo]1ow$

from Eq. 2.3(55).

o 4+

ol = pzz ) 2{c2w2(5)+d2x£(5)}{Pg(no)}{acos(m¢)+bsin(mé)}.
=O m=-

2.3(68)
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The incident field is a plane wave propagating in
the z' direction and polarized in the x' direction (See
Fig. 2.3.1). 1In spherical coordinates this field may be

expressed as follows:

. (1)
E§1) = e1k PCOSO¢inocose 2.3(69)

. (1)
Eé1) ek TpCOSO ocnso 2.3(70)

. .. (1)
Eé‘) = _elk T TpCOSO 4, 2.3(71)

. (1) .. (1)
H£1) = Ikt T ikt T0C0S0 s 6050 2.3(72)

. (1) 4, (1)
Hé1) = 1k1 e1k* " 7pCOSO hcasing 2.3(73)
ks,
. (1) L (1)
Hé1) = 1k1 eik " TpCOSO oy 2.3(74)
k
2

By using the expressions for Ep and Hp in 2.3(69),
2.3(72), 2.3(48), and 2.3(51), along with the expansion

of a plane wave in terms of Legendre polynomials, one
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czii arrive at the expressions for the two potentials
of the incident wave (the details are aiven most expli-

citly in Born and Wolf (1959)):

i o it
U, = ~(1)2 25,1 %%%%TT wi(kél))Pé(cose)cos¢
k k -
2.3(75}
P o) 1)
TR 2 k! 29%1 (1) yp1 ne
#UZ = — \2’1 &) 2(1+1)¢£(k p)P; (cose)sine.
k(l)(" L=1 k2
2.3(76}

tecause of the nature of this solution, it establishes
=] and b and a in 2.3(61) equal to zero for the electri:
and magnetic waves, respectively.

By analogy with the expressions for the incident
wave and with propner consideration of the behavior of
the waves at the origin and at large o, the potentials
for the transmitted wave (superscripted (t)) and the

scattered wave (superscripted (s)) can be also written:

(28]

eA%wi(k(?)c)Pi(cosa)cos®

U_(t) = S L
! (207 2=t
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o, = T, L (K eap eosersing
2 =

2.3(78)
ou (s) o 1 y eBlci(k(l)p)Pi(COSe)COSQ
1 k(1)2 =1
2.3(79)
© 1
oU (s) _ 1 ) mBzci(k( )p)Pi(cose)sinQ .
2 k(l)k (1) -1
2
2.3(80)
The undetermined coefficients eAl, mAz, EBQ, and

mBl, will be determined from the boundary conditions

expressed below:

: (1) (s)y _ (t

{gp (pul 1 +pU1 > - gﬂ(pul ))}p
2.3(81)

- (1) (s)y _ 3 (t)

{%;(OUZ ! +pU2 STy = g;(oUz )}p

=a

2.3(82)
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[
P
p—
—~
N
~—
—~

{kl(l)(pul(i)+pul(5)) =

2.3(83)

{kz(l)(pUz(i)+OU2(S)) = kZ(Z)OUZ(t)}p=a .

2.3(84)

When Egs. 2.3(75-80) are inserted into 2.3(81-84),

one obtains, after eliminating eA2 and mAz, the expressions
for eB2 and me, the scattering coefficients for the scat-

tered wave:

2.3(85)

Mg oqo+l 2841 kgl)k(Z)wz(k(lg)wi(k(zg)'kéz)k(1)Wi(k(lg)wx(k(zg)

ST :
TN 0 by a b 1 Dy )

2.3(86)

The prime (~) on a function denotes differentiation with

respect to the argument.
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The components of the field vectors of the scattered
wave are obtained upon substituting 2.3(79) and 2.3(80)
into 2.3(48-53). The results are:

g(s) _ 1 cose §
%=

p k(1)2 = 2(2+1)e82ci(k(lg)Pi(cose)

! 2.3(87)

-1 v
els). cose y e ¢1-(k())p1-(cosgsine 2.3(88)
k(l) e 2=1

i (™ (1) ]
i B,)z} (k p)Pi(COS@)gTﬁa}

[}

-1 sing e (1)yp1 ]
1) P s "B,z (k" p)Py(cosohsps  2.3(89)

Eés)=

-1("8,)cl (k{*))p1-(cose)sino)

(S)= -1 sind by (1
H, ) 2 221{2(2+1)m32;;(k g)pi(COSe)}
2 ° 2.3(90)
y(s)_ -1 _sine E ®8 £1(k{1)yp1(coso)—t— 2.3(91)
° (1) P g=1 R0 sing °
k2

,+i(mBz)ci’(k(lg)Pi’(cose)sine}

o T e y {eBgc;(k(lg)P;'(cose)sine 2.3(92)
k =1

« /M .
+i(7B, )z} (k(lg)P%(cose)S}ne},
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If one now lets

x = k{1)y - 21 . 2.3(93)

(), (1)
n o2 2.3(94)
T2

k(2)y - m X 2.3(95)
2o, 2oy 2.3(96)
1) 2, 2.3(97)

Then the scattering coefficients take the form:

ep oj4+1 2L+l m b (x)y, (m x)-9 (x)v (m x)

2 2+ gy (m x)-g (x)y;(m_x)

_s %41 2241 a(s)

=1 m 2 2.3(98)
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et 2ger Moy (ugm x)-v (x)w, (m x)

B L5 T O R ST PR
mot, x)wz m x)-gg (x)p, (m x
=.2+1 (22+1) (S)
1 2(8+1) by” - 2.3(99)

In Eqs. 2.3(87) and 2.3(90) one can note the E£5)
and Hés) decay as %7 rather than % as in the case of the
other components. Therefore, at large p one may disre-
gard the radial components and consider the scattered
field as a spherical wave. At large p the expressions,
ci(E) and 5;15) can be approximated by the following

formulas:

c1(5) = (-1) el 2.3(100)

c14(5) = (-i)%elP, 2.3(101)

When Egs. 2.3(100-101) are substituted into 2.3(88-

89), the resulting expressions are:

., (1) . 1
£~ telPcose J 2y ipls) E&ifgigl (s) dPg(cose)

2.3(102)
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E(S)= ie’k pSiﬂ@ Z 2941 '{b(s) dPZ(COSO) s S)
2 AR go1 2(e+T) T2 de 2
If one defines
Pi(cose)
mylc0s0) = —qpe—
and
v, (coso) = G (P1(cose))
then 2.3(102) and 2.3(103) can be written as
(1) N
els), -ie'k "Peose 29+1 bls), +a(s) )
¢ k(l)p P! L (2+1) 2 2
(1)
C TR (s) L ys)
- k(l} ® ®
(), 1t M oging o g (s). ,.(s)
s)_ ie 'sing 29+1 s s
E¢ - k(l)p QZI glet+1) (bl T2+al ﬂl)
(1)
kg Hés) 3 -Hés)

Pi(tose)
s$ino

2.3(103)

2.3(104)

2.3(105)
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In 2.3(104) and 2.3(105) it is now appropriate to

define the following functions (Van de Hulst, 1957):

5 (s) (s)
zzl E%Zil) (azs 1r2+b2S T

S,(0) ) 2.3(106)

L

) . 2.3(7107)

5,(0) = ZE 2041 (a§S)Tz+b§S)"z

£, 2(e+1)

These functions will be used extensively in Chapter III
as the basis for computations involving intensity and

polarization.

2.4, The Intensity and Polarization

The intensity of a wave is proportional to the square
of its amplitude (I « |E|2; see Born and Wolf, 1959,
Chapter 1) so that one can see from 2.3(104-105) that

I = IEéS)I2 = 21)2 |S112 sin2e 2.4(1)
k p?
(s) Iy
I, = |E9 |2 = _—;“" lSZIZ cos?d 2.4(2)
1
k( )p2
If one lets
iy = [S1]? 2.4(3)
i = |S,]2 2.4(4)
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then one has for 2.4(7) and 2.4(2)

I i, .

I, = =2—— sin%g 2.4(5)
k(l);?
I i,

I, = 2= c0s20 2.4(6)
k(l)éz

where i, and i, are the dimensionless intensity functions
commonly encountered in the literature. ¢ in this formu-
lation denotes the angle between the polarized component of
the incident wave and the scattering plane containing the
directions of propagation of the incident and scattered
rays.

If the incident radiation is natural light (unpolarized),
then one has to take an average of cos2¢ and sin2¢ over all

inclinations to the scattering plane. For both cases

cos?2¢ = sin2¢ = 1/2 | 2.4(7)

Therefore, for unpolarized incident radiation,

11+1,

I = —m— 1 . 2.4(8)
k(1)22 o]
P

The scattered light in any direction will have a par-

tial Tinear polarization that can be written (Van de Hulst,

1957):



POL = T, 2.4(9)

2.5. The Scattering Coefficient

It is frequently necessary to evaluate the total
amount of light scattered by a sphere. To do this it
is necessary to evaluate the Poynting vector which
expresses the energy in the incident wave. The time
average of the Poynting vector is given by Born and

Wolf, (1959) as
s = S Re(E X H¥) 2.5(1)
8m ~ ~

where Re stands for the real part of the complex result
and (*) denotes the complex conjugate. As has been
indicated before, when a plane monochromatic wave strikes
a particle in a dielectric medium, the field at any point
in the medium (it has been assumed to be a vacuum) can be
represented as the sum of the incident and scattered

fields:

- (1) 4 gls) 2.5(2)

tm
I

= w1 oyls) 2.5(3)

[Jn o
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Considering this fact, the Poynting vector given above

can be split into three components:

s = sti) 4 gls) g. 2.5(4)

S(i) is the incident flux, S(S) is the scattered flux,
and gt‘is the flux produced by the interference of the
incident and scattered radiation.

If one draws about the sphere a concentric spherical
surface of radium p;, then the total flux directed out-
wards through this sphere will be the integral of the

radial component of S with respect to the sphere. The

radial component of S is:

= £ -
SR = 5 (EGHS E@“S) . 2.5(5)

By virtue of 2.5(2-3), this can be broken up into the
ttree components indicated by 2.5(4):

Sp = & {(Eéi)Hg(i)-Eéi)Hg(i))+(Eés)Hg(s)-Eés)Hg(s))

+ (Eéi)Hg(S)+EéS)H$(1)_Eéi)Hg(S)_EéS)Hg(S))}

2.5(6)
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When it is necessary to find the total eneragy scat-
tered by the snhere, one integrates the second aroun of
terms on the right of 2.5(6) over all solid angles as

indicated below:

™ 2w
N = %; Ref J (Eés)Hg(S)-EéS)HB(S))pzsin@dedé
(o] [¢]

2.5(7)

One then uses the expressions given by Eqs. 2.3(104-105)

and the following orthogonality relationships:

1 1pl)e s -
ds ' sinZo Pan)s1nede—

T dpé dpé 0 if n#m
( do

L N L L

2.5(8)

and

T pl dp! pl dp!
m n n m . _
Io( sino do * sine do ) sinede =0 . 2.5(9)

When these manipulations are accomplished properly the

expression for the scattered energy is:
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g = St T (annn) (JafS)z 4npP) 1)
" (1) e

2.5(10)

The scattering cross-section C; is defined (Stratton,
1941) as the ratio of the total scattered energy per second
to the energy density of the 1ncident wave. If the energy
in the incident wave is c¢/sm, (|E(i)| has been assumed
equal to 1 in this development), then according to this

definition above,

. = ; (20+1) (lais)]2 +]p{3)2)

S k(1)2

5(17)

When the ratio of Cs to the geometrical cross section
(ra2) is taken, then the efficiency factor (Van de Hulst,

1957) or normalized cross section can be written:

0, = i— 1 Gas1) (la (hiz 4 pplsdyz) 2.5(12)

This is the same expression as is given by Deirmendjian

and Clasen (1962).
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2.6. The Scattering Coefficient and Intensity Functions
for a Polydispersed Particulate Volume.

For a cloudy atmosphere it is necessary to compute
the volume scattering coefficient (ev) that has already
been discussed in section 2.1. This can be done, using
the scattering cross section or efficiency factor defined
above, if the particles in the volume are spaced randomly
and the distance between the particles is large compared
to the wavelength. These stipulations are important in
order to assume that the scattering is incoh~rent. A
mathematical expression for the volumetric scattering

coefficient is

B, = J:nazqs(a)n(a)da = [:jwazQs(a)n(a)da

2.6(1)

where n(a) is an expression describing the size distribu-
tion of the particles comprising the volume. More will
be said in Chapter III about the selection of a size dis-
tribution that is representative of the stratus clouds
discussed in Chapter I.

For a polydispersed suspension, the elements P; and
P, discussed in section 2.1 can be expressed as follows

using the dimensionless intensity functions i; and i,,
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and the volume scattering coefficient B, (Deirmendjian

and Clasen, 1962):

Yqr

PJ. = é—\: JO n(a)ij(mo,a,@)da (§=1,2) .

2.6(2)

These intensity functions, PJ.s for the volume must be prop-
erly normalized so as to employ them in the equation of

radiative transfer. The required normalization condition

is

T [2T Py+P
L fo f (—2)do = 1 2.6(3)

™ o) 2

The equations and functions which have been developed
and described up to this point will now be used to numerically
generate single scattering results that are representa-
tive of those to be expected from stratus clouds. The
procedures used and the results achieved are described
in Chapter III along with comments concerning the various
processes that interact to produce the anisotropy in
reflected radiation over stratus clouds described in

Chapter I.
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Chapter III
SINGLE AND MULTIPLE SCATTERING RESULTS - COMPUTED
AND OBSERVED

3.1. Difficulties in Numerically Simulating Observed

Results.

From the theoretical framework given in Chapter II
it is evident that in order to simulate the results given
for stratus clouds in Chapter I, a valid approach would be
to apply the equation of radiative transfer to a model of
a cloudy atmosphere in such a way as to arrive at results
similar to the ones actually observed. This process would
involve finding the appropriate phase matrix (or matrices),
making the elements of the phase matrix comnatible to the
equation of radiative transfer by expressing them in a
series involving the proper coordinates, and then either
finding the scattering and transmission matrices described
by Chandrasekhar (1960) or integrating the equation of
radiative transfer numerically through the cloud as
suggested by Herman (1964) until the appropriate reflected
and transmitted intensities are achieved. The essential
difficulty with the above problem is that the scattering
from stratus cloud droplets is highly anisotropic. This
is because the incident 1ight is scattered by particles
as large or larger than the wavelength. Conseguently
the mathematical description and manipulation of the

appropriate expressions is aquite complex.
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A further problem exists in that many instruments do
not detect monochromatic radiation, but instead monitor
the radiation over a bandwidth that may be guite wide as
is the case of the broad bandpass on the MRIR. Because
of the varying properties of scatterina particles with
relation to the radiation incident upon them, it is diffi-
cult to suggest and justify a single phase matrix which
would assure that numerical representation of scattering
from a model cloud would be representative of that actually
observed by a bandpass spanning a wide range of wavelengths.
One final difficulty to be considered here occurs when
one starts to select a droplet size distribution that is
representative of the cloud, or cloud type, to be modeled.
There are two contributing factors to this problem. On
the oné hand, the droplet size distribution in a cloud
varies in both time and space depending upon the environ-
mental conditions existing before and during the formation
and evolution of the cloud. On the other hand, the accuracy
of methods used to sample clouds and their associated drop-
let size distributions and liquid water contents are some-
what controversial (Aufm Kampe, 1950; Eldridge, 1957;
Fletcher, 1962; Mason, 1957; Hodkinson, 1966; Shrifrin
and Perelman, 1966).

3.2. Procedure
In view of the problems implicitly and explicitly

posed above, it was decided to see how much the intensity
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functions and the polarization of sinaly scattered light
would vary for different droplet size distributions across
the wavelength region defined by the narrow bandpass of
the MRIR. This meant computing the functions P;/4n and
P,/un defined in Eqs. 2.6(2) in Chapter II and POL as
defined in the next equation for the wavelengths and
drop-size distributions to be specified:

P1-P,
POL = ) 3.2(1)

The overall purpose of pursuing these objectives is to
better understand the role of particle size distributions
and droplet concentrations in producing the observed
anisotropy over stratus clouds described in Chapter I.

The narrow bandpass was selected because the complex
index of refraction m has only a real part across all the
wavelengths from 0.55 - 0.85u (Centeno, 1941). The value
of the index of refraction to two decimal places according
to the above reference is 1.33. Furthermore, the radio-
meter relative response curve (see Fig. 1.2.3) is sharply
peaked at 0.620u. This meant that a good evaluation of the
variation in P;/u4m, P,/um, and POL could be achieved by
examining their behavior at the wavelengths corresponding
to the two 50% relative response points and the 100%
relative response point. By making this strategic selection

of points the necessary computer time to achieve the results
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was shortened to an amount which was within the amounf of
time obtainable for this project.

In order to compute the functions indicated, it was
necessary to find recursion relationships which could be
adapted to the computer and enable one to compute the
elements of Egs. 2.5(12), 2.4(3), and 2.4(4). 1In particu-
lar, the recursion relationships for the functions, S,
and S,, in Egs. 2.3(106) and 2.3(107) were necessary and
important. The most readily available and usable recursion
relationships for this purpose were those published by
Deirmendjian and Clasen (1962). The derivation of the for-
mulas listed in the above reference can be found in Lowan
(1948), Gucker and Cohn (1953), Infeld (1947), and Aden
(1951). The necessary computer program needed to produce
the results indicated above was written by the author for
the Control Data Corporation 6400 at Colorado State Univer-
sity. The program was checked against the results given
in Deirmendjian and Clasen (1962), Gumprecht and Sliepcevich
(1951), and Penndorf and Goldberg (1956). 1In all cases the
program gave as good or better accuracy than the results
given in the above references.

In order to evaluate Eq. 2.6(2) it was necessary to
select a droplet size distribution that was representative
of a stratus cloud. This entailed reviewing the 1iterature
to ascertain what values of drop size, droplet concentra-
tion, and liquid water content had been found in stratus

clouds similar to those found on and along the western
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coast of the United States. Furthermore, it was necessary
to select a mathematical expression which would adeauately
describe the droplet size distributions observed in stratus
clouds.

From Fletcher (1962), Mason (1957), Feigel'son (1966),
Tverskoi (1965), Neiburger (1949), Neiburger and Wurtele
(1949), Neiburger and Chien (1960), Okita (1962) Arnulf,
et al. (1957), and Griggs and Marggraf (1967) it was
concluded that the average liquid water content of stratus
clouds were near 0.3 - 0.4 ¢ m™>. The range in droplet
concentration varied widely, but was generally between
10 and 600 droplets per cm’. The range in drop sizes
varied also, but the instances where larger droplets
prevailed corresponded roughly to the instances with Tow
droplet concentrations. Commonly the droplet radii were
between 1 and 40y, and the modal radii were between 4 and
10u.

Several choices for a mathematical expression describ-
ing the observed conditions were also available including
the normal, log normal, ordinary gamma, and the generalized
gamma distribution (Tverskoi, 1965). The last distribution
has been advocated as being the most versatile and repre-
sentative of the choices and has been used by Deirmendjian

(1964) to represent haze and cloud particle distributions.
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The distribution has the general form:

a

n(a) = a_a exp(-baY) - 3.2(2)
where a s Vs b, and o are positive constants.
By choosing o and y one can determine a_ and b by
selecting the droplet concentration and model radjus of

the desired droplet distribution. After choosing o and

v, one first differentiates Eq. 3.2(2) so that

&= n(a) = a_a® "exp(-ba¥) (a-yba¥) 3.2(3)
When this is set equal to zero, then

b = a/(YamY) 3.2(4)

where a is the modal radius. From b, one can get a_

by integrating 3.2(2) as follows (Korn and Korn, 1968):

a _(0L+bl)

_o Y at+l
- b r ( . ) . 3.2(5)

N' = Jw n(a)da

N' is the droplet concentration and I denotes the gamma

function. When one solves for ao, the result is:



96

a = XN 3.2(6)

In order to determine the value of the constants
for a distribution that would fit as well as possible
the observed properties of a stratus cloud, another
computer program was written by the author which allowed
systematic variation of a_, b, a«, and y until the desired
distribution was achieved. Three different distributions
were eventually selected to describe a large number of the
droplet size distributions and concentrations observed in
stratus clouds. These distributions are shown in Fig. 3.2.1
along with their associated model drop size, droplet concen-
tration, and liquid water content. The distributions were
chosen in such a way as to have the liquid water content
remain nearly constant while the model drop size and drop-
1nt concentration varied. In general, as the concentration
¢f the droplets increased, the modal drop size and the
nunber of large droplets decreased as would be expected.

As a further check on the computational procedure,
the droplet distribution for a cumulus cloud proposed by

Py Py
Deirmendjian (1964) was used and B, 7%y and g+ computed
for several values of the scattering angle. This cumulus

droplet size distribution has the following form:

n(a) = 2.373 afexp(-1.5a) . 3.2(7)
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N'= 250¢cm™3

a,= 45/1,
T, 50r LWC=0.33 g-m™
K)i g
'E n,(0)=1157> EXP(-1196 )
QO
Pt N' =150 cm™3
5 49 a4y =SSHL
5 LWC=0.32g-m™3
= 30l n,@)= 0.07621a*E XP(-0.68400%°)
& N'= 40cnr3
5 O =8OLL
O <4 LWC =0.33g-m3
= 20r 7N
Y ,’/ \
[ / \
o / \
& / '

IO !
/
/ .
/ X\
/ _—t—-X -
ol " N === 1 1 1 1 )
0 5 10 1S 20 25 30 35 40 45

DROPLET RADIUS ()

Fig. 3.2.1. Droplet size distributions used in com-
puting intensity and polarization versus scattering angle
at wavelengths of 0.573, 0.620, and 0.740 microns. :
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The results of this computation were checked against those
in the same reference and found to agree. Deirmendjian
further showed that the results will start to converge
when the upper 1imits in the integration of Eqgqs. 2.6(1-2)

become larger than the following:
a, > am(1+i )1/Y . 3.2(8)
Y

This is a rather indefinite criteria; therefore, for the
computations described here the upper limit of integra-
tion corresponds to the radius where the number of drop-
lets per cm3 per micron is slightly less than or equal to
0.01.

A few trial computations using the cumulus distribu-
tion (Eq. 3.2(7)) showed that even on a fast computer such
as the CDC 6400 the resulting computations were significantly
long and expensive. This was particularly true for a distri-
bution such as n; shown in Fig. 3.2.1 where there were large
droplets present. Therefore, to get as much significant
information as possible with the least computer time, the
computations were performed only at the three points on
the radiometer response curve already mentioned. These
points corresponded to wavelengths of 0.573, 0.620, and
0.740 microns. It was judged that the droplet distribu-

tion n; corresponded most closely to the stratus clouds

on the western coast of the United States since these
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clouds were in a maritime environment and the distribu-
tion n; has maritime characteristics (Fletcher, 1962).
This distribution agrees most closely with cloud drop-
Tet measurements taken in maritime environments such as
those by Okita (1962). Therefore, the volumetric scat-
tering coefficients, etc., were calculated using this
drop-size distribution at all three wavelengths. 1In
order to evaluate the effect of a change in drop distri-
butions and concentrations, the same parameters were
caiculated at 0.620u using the n, and n; distributions.

To further shorten the computing time necessary to
perform the computations already described, it was next
necessary to decide on the method for numerically inte-
grating Egs. 2.6(1-2). As a first step the variable of
integration was changed from a to x, the size parameter,
as suggested by Deirmendjian (1964) and Bullrich (1964).
When this is done, Eqs. 2.6(1-2) appear as follows:

By =7 sz x2¢(x, k(") )a(m »X)dx 3.2(9)
AV X]_ [¢]
P P (1)
yT E_J f(X,k )1j(mosxa@)dx . 3.2(]0)
v Xq

(3=1,2)
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The function f(x,k(l)) results from the change of variable

in Eq. 3.2.1:

Fluk(M)y = a (k)30 exp (-b (X—) Y
° (1)

3.2(11)

Having accomplished the change of variable from a to
x it was then necessary to choose the integration interval
(s) for x and decide at which values of the scattering angle
the computations should be performed. The computations at
selected values of © were performed in the following incre-

ments:

e = 1(1)10(5)130(2)180, 3.2(12)

i.e., the computations were performed in one degree incre-
ments from 1-10 degrees, five degree increments from 10-130
degrees, and two degree increments from 130-180 degrees.
These choices were made so as to shorten the necessary
computation time and still properly describe the resulting
curves showing intensity or polarization versus scattering
angle. The integration steps over x were performed as
indicated in Table 3.2.1. Several trial computations were

made before deciding upon these integration steps over x.



Table 3.2.17 A summary describing computations of P;/um, P,/un, and
POL versus o for three different wavelengths and droplet size distributions.

Computer Time
Required (min.)

Size Range in Integration Intervals
Wavelength(u) Distribution Radius(y) over X
0.573 n, 0.5-33.5 5(0.5)100(1.0)250(2.0)368
0.620 n; 0.5-33.5 5(0.5)100(1.0)250(2.0)340
0.740 n, 0.5-33.5 5(0.5)100(1.0)250(2.0)286
0.620 n, 0.5-23.5 5(0.5)100(1.0)240 |
0.620 ns 0.1-21.5 1(0.5)100(1.0)218

60
53
45
37
30

Lot
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3.3. Results and Discussion

The results of the calculations summarized in
Table 3.2.1 are given in Figs. 3.3.1-5. On each dia-
gram the size distribution, droplet concentration (N'),
modal radius (am), liquid water content (LWC), and the
volumetric scattering coefficient (Bv) are given. Exami-
nation of Figs. 3.3.1-3 reveals that very little change
occurs in the intensity functions and the polarization
versus scattering angle. The most readily observed changes
in the intensity functions occur at 0=0° and ¢=100°. From
the way in which the integrations were conducted, one can
see that the variation observed at the three wavelengths
could also have been observed at one wavelength by varying
the upper 1imit of integration. This observation empha-
sizes the role of the large droplets in determining these
characteristics of scattered 1ight. The small changes and
the nature of the radiometer response curve indicate that
the functions P;/um and P,/u4n at 0.620p could be used as
elements of a phase matrix appropriate for further compu-
tations representing expected 1light scattering results
observed with the narrow MRIR bandpass.

When the wavelength was held constant and the drop-
let size distribution varied, more noticeable changes in
the intensity functions and polarization were observed
(Figs. 3.3.3-5). The largest changes in the intensity
functions again occurred at 0=0° and near 0=100°. As

the droplet concentration increased and the modal droplet
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size became smaller, the forward peak intensity dropped,
the intensity near 0=100° increased, and the maximum in
Py/um near 0=125° became less pronounced. The most pro-
nounced polarization changes occurred near 0=100°. The
polarization in the fogbow (Minnaert, 1954) near 140-143°
and the intensity and polarization near 0=180° changed
very little.

It is clear from the observations stated above that
if one angle were to be chosen at which the most change
would be observed for the purposes of remotely detecting
changes in droplet distribution, an angle near 0=100°
would have to be that choice for these wavelengths since
both the intensity and polarization were observed to change
at this location. If only intensity were to be observed,
the greatest changes would occur at, or near, 0=0° for the
types of variations seen here. A greater number of dia-
grams such as those in Figs. 3.3.1-5 need to be produced
at other wavelengths extending into the near infrared
before any definite conclusions can be made as far as
remote sensing possibilities are concerned. Computatiohs
involving several other drop size distributions and liquid
water contents need to be made also.

The results do serve to emphasize a point made by
Bullrich (1964) who pointed out that in order to use
scattered 1ight characteristics to infer such parameters
as particle size distribution, liquid water content, etc.,

it is very helpful to make measurements of the polarization
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of the scattered 1ight. If the characteristics of
scattered 1ight are to be used to infer all the unique
characteristics of a particuTate volume, it is Tikely
that measurements will have to be made at several angles
with respect to the incident beam and at several wave-
lengths. However, under carefully specified conditions
it may not be necessary to go to the degree of complexity
implied above depending upon the accuracy and amount of

information desired (Davies, 1966, pp. 350-351).

3.4. A Comparison of Observed and Computed Results

There are some obvious differences between the single
scattering results described in this chapter and the observed
results over stratus clouds in Chapter I. One notable dif-
ference is the absence in the observed results of the maxima
in the computed single scattering results near 0=140%. This
Tatter feature.was looked for very carefully in the observed
results inasmuch as the white fogbow has occasionally been
observed under natural conditions (Minneart, 1954). No
such fogbow could conclusively be observed, however, even
when the results were converted so as to show reflectance
versus scattering angle. Deirmendjian (1964) has pointed
out that there would be many more coronas, fogbows, etc.,
in the single scattering results if the size distribu-
tion were uniform. The non-uniform particle size distri-
bution serves to minimize or cause the disappearance of

many of these effects.
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Multiple scattering apparently plays a predominant
role in producing the lesser anisotropy in the observed
results versus the single scattering results. This
hypothesis can be substantiated by a comparison of
numerical results simulating multiple scattering in a
model cloud and the observed results which are affected
by multiple scattering. There are very few published
theoretical results involving multiple scattering from
clouds because of the complexity of the problem. Some
recent results of this kind, however, have been published
by Twomey et. al. (1967), Plass and Kattawar (1968),
and Kattawar and Plass (1968a,b). 1In the last cases
authored by Kattawar and Plass, the elegant approach
outlined by Chandrasekhar (1960) and suggested in
Chapter II has been bypassed and an approach used which
utilizes the powerful Monte Carlo statistical method.
This approach enables simulation of_mu]tipTe scattering
in clouds at nearly any optical depth, no matter how
anisotropic the single scattering intensity function.

A comparison of the computed results by Kattawar
and Plass (1968a,b) was performed in order to see how
much agreement exists. The results of this comparison
are illustrated in Figs. 3.4.1-3. In the Kattawar and
Plass results all reflected radiances within 90° of the
incident beam had been averaged in order to get the
distributions shown in Figs. 3.4.1-3. This was also

done for the observed results. Since droplet size
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Fig. 3.4.1. A comparison of the results observed by
the narrow bandpass of the MRIR over stratus clTouds on
14 December 1966 and computed multiple scattering results
from Kattawar and Plass (1968a, Fig. 3) using a cumulus
cloud droplet distribution.
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droplet distribution.
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distribution n; was believed to be the most representa-
tive of stratus clouds on the western coast of the

United States, this distribution and the computed B,

were used to estimate the optical depth t of the observed

clouds. This was done by using the equation,
T = svh 3.4(1)

where h is the thickness of the cloud in kilometers.
The result of this computation is given in each of the
diagrams referred to above.

Figs. 3.4.1-3 show good agreement between the
observed and calculated results. The agreement is much
better in the cases shown here than in previously published
comparisons of the same kind (Ruff et.al., 1968). The
closer agreement demonstrated here is largely due to a
better match of the actual cloud characteristics and the
cloud model used in the combuted results. The agreement
is rather remarkable insofar as the amount of anisotropy
in the observed and computed results is concerned. If it
were possible to define more accurately the jliumination
conditions and the existing characteristics of the observed
clouds, it is felt that even more consistent agreement
between the two situations would be evident.

The agreement of the results above certainly empha-
sizes the predominant role that muitiple scattering has

in smoothing out single scattering effects and reducing
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the anisotropy in single scattering results. At ]argé
optical depths the relative insensitivity of the reflec-
tance distributions to different particle size distribu-
tions is evident in Figs. 3.4.1-3. This observation
agrees with conclusions and results published by Twomey

et. al. (1967) and by Kattawar and Plass (1968b).
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Chapter IV

A SUMMARY AND RECOMMENDATIONS FOR FURTHER RESEARCH
4.1. Summary

In Chapter I observational results were presented
which showed that appreciable anisotropy in reflected
solar radiation exists for a wide variety of surfaces
contributing substantially to the planetary albedo.

This directional variation in reflectance was found

to be different for each surface, but was consistently

" related to the features characterizing each individual
reflecting surface. The anisotropy for all surfaces was
observed to increase with iﬁcreasing solar zenith angle.
Clouds and snow at large solar zenith angles exhibited
pronounced reflection going away from the sun and stratus
clouds also exhibited a lesser increase in reflection back
toward the sun.

The magnitude of the reflectances in isolated portions
of the solar spectrum were observed to change from surface
to surface. These changes were primarily influenced by the
spectral reflectivity of the surfaces, but were also influ-
enced by atmospheric attenuation and the spectral response
characteristics of the observihg radiometer.

It was concluded that scattering from the atmosphere
ditself had a small, but significant, influence on the
observed results. This influence was most evident in

reflectivities observed near the horizon that were higher
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than might be predicted from laboratory measurements of
reflected radiances over similar surfaces.

In the case of scattering from stratus clouds, it was
observed that the thickness of the clouds and the reflec-
tivity of the surface beneath the clouds affected the
directional reflectance distributions and their magni-
tudes. The reflectances over stratus clouds underlain
by snow were observed to be much higher than those from
stratus clouds underlain by water. When the thickness of
a cloud increased, the integrated directional reflectances
were also observed to increase. Varying thicknesses in the
observed clouds were found to also affect the relative
differences between reflectances observed in different
portions of the solar spéctrum.

It was clear from these observations that in order
for accurate evaluation of the albedo of individual sur-
faces, or of the planetary albedo, to be made from satellite
radiometers with a limited field of view, the effects of
anisoﬁropy, spectral reflectivity, and the intervening
atmosphere must be considered and evaluated. The relative
importénce of each of these effects depends upon the
particular way in which the data from the satellite radio-
meter is to be applied.

In Chapter II the theory that is necessary in order}to
appreciate and understand the mathematical complexity
involved in descfibing radiative transfer in cloudy atmos-

speres was outlined and developed in some detail. The
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developments given were linked together and described in
sufficient detail to provide the required background and
equations for numerically evaluating the major factors and
processes which interact and produce the anisotropy in the
reflected radiances over stratus clouds in a maritime
environment.

Chapter III described the way in which the theory
and equations developed in Chapter II were used to generate
single scattering results that showed the effects of different
droplet size distributions, droplet concentrations, and wave-
lengths on intensity and polarization results. These results
were found to be the most sensitive at scattering angles
near 0 and 100 degrees to changes in the characteristics
of a cloudy volume. The variation in intensities and
polarization across the wavelengths defined by the narrow
bandpass of the MRIR were observed to be relatively small.
The variation was small enough to conclude that the intensity
functions computed at the 100 percent relative response point
corresponding to this bandpass could be used in any future
attempts to simulate numerically the narrow bandpass obser-
vations over stratus clouds.

A comparison of the observed results and some pub-
lished multiple scattering results showed that mu]tip]é
- scattering exerts a pronounced smoothing influence on the
reflected intensities predicted by single scattering results
from polydispersed particulate volumes. The observed and

calculated results agreed c]bse]y enough to conclude that
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if the characteristics of a cloud model and the observed
clouds were matched, the correspondence would be very
close. The comparisons that were made showed particu-
larly good agreement between the anisotropy predicted by
the theoretical results and that observed over stratus

clouds.

4.2. Recommendations

It is clear that more airborne observations of the
anisotropy and the spectral variation in reflectance from
a variety of surfaces is desirable. Measurements with a
polarimeter of the characteristics of light reflected and
transmitted by clouds would be invaluable. Concurrent
measurements of the droplet size distributions, droplet
concentrations, and liquid water content need to be made
so as to define the structure of a cloud as it exists at
the time that observations of reflected and transmitted
radiances are made.

Measurements defining more precisely the influence of
the intervening atmosphere between an airborne radiometer
and the reflecting surface need to be made also. If
measurements were made of intensity, polarization, and
haze particle concentrations and sizes at several levels
in the atmosphere, the eventual results woﬁld be of great
interest.

A11 the measurements suggested above should be supported
by further theoretical calculations describing the scattering

of absorption of solar radiation in the atmosphere. More
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studies need to be made eya]uating the effects of various
distributions and concentrations of haze on the transfer
of solar radiation in theoretical models of the atmosphere.
The calculations should also include the effects of multi-
ple scattering and the anisotropic reflectance and absorp-
tion of the many different terrestrial surfaces existing
at the lower boundary of the earth's atmosphere.

The results of the studies suggested above should
be applied to any and all studies utilizing satellite
observations to determine the albedo of individual

terrestrial surfaces and the planetary albedo.
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Mexico, on 29 October 1966, 1155-1231 MST (;0=47-49°).



137

90
Yo
1.05
y o\ Xiz0
\
& \
105
u \ |
”9\ / ! 180
75 60 45 30 15 O 5 30 45 60 75
—.——-8——
055-0.85 p
(a)
90
105 \\ D
. - o
28, = IJQ <
\
|
// ibs \ \ 20
o \ \ |
1.30[120\ \ | 1.30
\\. \ 1’ |
75604530 5 0 15 30 45 60 75
-~—f—
0.2-40
(b) K
2.5¢ 20 scans per point WHITE SAND
RANGE =0.03 30 OCTOBER 1966
20k SUN
[}
|5}
8
(]
2
s
Z 10}

\‘4 /—055 08#;_’/’/

05} —

\X~—_-—x——-——*—~ —_ X X
\—o 2-4.0u
1

O_O 1 1 1 1 1 1 1 i
75 60 45 30 15 0 i5 30 45 60 75
y=0°  RADIOMETER ZEF?H ANGLE  (6) . ge
c

Fig. A.10. Same as Fig. 1.5.1 except that the reflec-

tances are over white gypsum sand near Alamogordo, New
Mexico, on 30 October 1966, 0913-0939 MST (; =47-490),
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Fig. A.11. Same as Fig. 1.5.1 except that the reflec-
tances are over white gypsum sand near Alamogordo, gew
Mexico, on 29 October 1966, 0706-0749 MST (;o=76-82 ).
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Fig. A.12. Same as Fig. 1.5.1 except that the reflec-
tances are over Bristol Lake, northeast of Twenty-nine Palms,
California, on 15 December 1966, 1445-1504 PST (;o=70-73°).




140

90
. N 140 4_-,(0
S 1.20 160 PN
1.8
/ 100 20
S 22
7 260
24
0 180
7 60 45 30 15 O 15 30 45 60 75
055-085pu
(a)
90
\2)
2.
S 160 DO
140
1.20
( ! 1.80
b 1.00
: 2,00\, ,
0} 180
75 60 45 30 15 O 15 30 45 60 75
-.—BH
0.2-40
(b) K
1.0 .
20 scans per point GRASSLAND
RANGE = 0.03 4 NOVEMBER 1965
0.8f SUN
o
N6}
[}
(&)
(=]
<
Z 04+
X
\
\\
02 N
00Lu ! L 1 ) 1o L L L L !
75 60 45 30 15 (0] 15 30 45 60 75
y=0° RADIOMETER  ZENITH  ANGLE (&) = 180°
(c)
Fig. A.13. Same as Fig. 1.5.1 except that the reflec-

tances are over a grassland-sod surface near Briggsdale,
Colorado, on 4 November 1965, 1253-1316 MST (¢ =57-599).
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Fig. A.14. Same as Fig. 1.5.1 except that the reflec-
tances are over a grassland-sod surface near Briggsdale,
Colorado, on 4 November 1965, 1337-1354 MST (go=55-57°).
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Fig. A.15. Same as Fig. 1.5.1 except that the reflec-
tances are over a grassland-sod surface near Briggsdale,
Colorado, on 25 October 1966, 1606-1630 MST (co=78-82°)-
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Fig. A.16. Same as Fig. 1.5.1 except that the reflec-

tances are over a swampy, dense vegetation surface near
Tallahassee, Florida, on 6 January 1967, 1555-1617 EST
(go=70-73°).
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